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ABSTRACT 

The suitability of several tenperature measurement schemes for an 

irrediation creep experiment is exmined. It is found that the specimen 

resistance can be used to measure and control the sample temperature if 

conpensated for resistance drift due to radiation and annealing effects. 

A modified Kelvin bridge is presented that allows conpensation' for 

resistance drift by periodically checking the sample resistance at a 

controlled ambient eeRferaKure. 

A new phase-insensitive method for detecting the bridge error 

signals is presented. The phase-insensitive detector is formed by 

averaging the magnitude of two bridge voltages. Although this method is 

substantially less sensitive to stray reactances in the bridge than 

conventional phase-sensitive detectors, it i s  sensitive to gain stability 

and linearity of the rectifier circuits. Accuracy limitations of 

rectifier circuits are examined both theoretically and experimentally 

in great detail. Both hand analyses and computer simulations of 

rectifier errors are presented. 

Finally, the design of a temperature control systen based on sample 

resistance measurement is presented. The prototype system is shown to 

control a 316 stainless steel sample to within a 0.15 O C  short term 

(10 sec) and a 0.03 O C  long term (10 min) standard deviation at 

temperatures between 150 and 700 OC. The phase-insensitive detector 

typically contributes less than 10 ppm peak resistance measurement 

error (0.04 O C  at 700 C for 316 stainless steel or 0.005 O C  at 150 O C  

for zirconium). 
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CHAPTER I 

INTRODUCTION 

I. GOAL OF DISSERTATION 

I n  t h e  p a s t  many methods of measuring temperature have been 

devised inc luding  gas ,  u l t r a s o n i c ,  n o i s e ,  thernocouple,  mercury, 

r a d i a t i o n ,  and r e s i s t a n c e  thermometers .' One of t he  most a c c u r a t e  

thermoneters  is t h e  platinum resistance t h e r m n m ~ t ~ r  i n  which the 

r e s i s t a n c e  is  measured by ba lanc ing  a br idge .  AC b r i d g e s  have t h e  

advantage of i n s e n s i t i v i t y  t o  t he rmoe lec t r i c  v o l t a g e s ,  b u t  they  a r e  

s e n s i t i v e  t o  phase s h i f t  due t o  s t r a y  reac tances .  Typ ica l ly  complex 

phase compensating techniques a r e  employed toge the r  w i t h  very  low AC 

frequency t o  he lp  c o r r e c t  t h i s  problem. A novel  d e t e c t o r  employing 

p r e c i s i o n  r e c t i f i e r s  a s  e r r o r  d e t e c t o r s  i s  presented t h a t  min in izes  

s e n s i t i v i t y  t o  phase s h i f t .  The d e t e c t o r  a l lows high-frequency 

ope ra t ion  (1 KHz) thereby making f a s t  temperature mea.surement and 

c o n t r o l  poss ib l e .  

The accuracy l i m i t a t i o n  of t h i s  d e t e c t o r  is the l i n e a r i t y  o f  the 

r e c t i f i e r .  A thorough l i t e r a t u r e  s ea rch  r e v e a l s  t h a t  a complete 

a n a l y s i s  of r e c t i f i e r  e r r o r  is  n o t  a v a i l a b l e .  The re fo re ,  a complete e r r o r  

a n a l y s i s  is  given i n  t h i s  d i s s e r t a t i o n  f o r  p r e c i s i o n  r e c t i f i e r  c i r c u i t s ,  

i n  which d iodes  o r  t r a n s i s t o r s  a r e  placed i n  t h e  feedback pa th  of an  

opamp . 
Thi s  d e t e c t o r  was developed f o r  u s e  i n  a temperature c o n t r o l  system 

f o r  a r a d i a t i o n  c reep  experiment.  Background informat ion  on t h e  c reep  

rxperimenr w i l l  be given next .  

1 



11. BACKGROUND INFORMATION ON RADIATION CREEP 

Recent concern over  f u t u r e  energy sho r t ages  has r e s u l t e d  i n  

i n t e n s e  sea rch  f o r  energy sources .  Nuclear energy i s  becoming a n  

i n p o r t a n t  s o u r c e  of energy because of i t s  low c o s t  and abundant f u e l  

r e sou rces .  Unfor tuna te ly ,  some of t h e  p r o p e r t i e s  of m a t e r i a l s  i n  o r  

n e a r  t h e  c o r e  of n u c l e a r  r e a c t o r s  change due t o  exposure t o  nuc lea r  

r a d i a t i o n . 2  A t  present . ,  t he  understanding of t h e s e  changes i s  c r i t i c a l  

t o  t h e  proper  des ign  of nuc lea r  reactolts',  e s p e c i a l l y  breeder and L ~ I ~ L L L I U -  

n u c l e a r  r e a c t o r s .  The economic c o s t s  a s s o c i a t e d  wi th  an  incomplete 

unders tanding  of r a d i a t i o n  damage f o r  l igh t -water  , breede r ,  and thermo- 

n u c l e a r  r e a c t o r s  are ve ry  l a r g e  (approximately h a l f  a b i l l i o n  d o l l a r s  

pe r  yea r  i n c r e a s i n g  t o  s i x  b i l l i o n  d o l l a r s  by t h e  year  2000). 
2 

I n  breeder  r e a c t o r s ,  fas t -neut ron  f l u x e s  of t h e  o rde r  of 1 0  
16 

neutrons/cm2-sec a r e  expected. This  i s  t h r e e  o r d e r s  of magnitude h igher  

t han  encountered i n  e x i s t i n g  thermal  l igh t -water  r e a c t o r s .  This  h igh  

fas t -neut ron  f l u x  w i l l  a c c e l e r a t e  r a d i a t i o n  damage and w i l l  g i v e  r i s e  t o  

new problems. The two most s e r i o u s  of t h e s e  problems a r e  swel l ing ,  

caused by t h e  formation of vo ids ,  and radiation-enhanced creep.  

Radiation-enhanced c reep  is  t h e  e longa t ion  of a s t r e s s e d  sample, wh i l e  

s w e l l i n g  i s  t h e  i n c r e a s e  i n  sample volume independent of s t r e s s .  Swell- 

i n g  of up t o  a 20 pe rcen t  i n c r e a s e  i n  volume has  been observed, ' whi l e  

c r eep  r a t e s  may b e  increased  by up t o  s e v e r a l  o rde r s  of magnitude due t o  

r a d i a t i o n   effect^.^ Both swe l l i ng  and r a d i a t i o n  c reep  r e q u i r e  r e a c t o r  

des ign  compromises which may adve r se ly  a f f e c t  r e a c t o r  e f f i c i e n c y ;  e.g. ,  

a b reede r  r e a c t o r  w i t h  a heavy i n t e r n a l  suppor t  s t r u c t u r e  ( n e c e s s i t a t e d  

by swe l l i ng  o r  i r r a d i a t i o n  c reep  behavior)  may not  breed .  



The r a d i a t i o n  e f f e c t  wi th  which t h i s  d i s s e r t a t i o n  i s  concerned is  

radiation-enhanced creep .  This  i s  def ined  a s  t h e  excess  time-dependent 

deforuiation of s t r e s s e d  m a t e r i a l  due t o  n u c l e a r  i r r a d i a t i o n  and con- 

t a i n s  defcrmation a s soc i a t ed  e n t i r e l y  w i th  An overview of 

t h e  p re sen t  s t a t e  of t h e  e f f e c t  of r a d i a t i o n  on m a t e r i a l s  is  given i n  

Reference 6. The experimental  f e a t u r e s  a s s o c i a t e d  wi th  i r r a d i a t i o n  

c reep  a r e  given i n  References 4 ,  7,  and 8 .  

I n  t h e  p a s t ,  i r r a d i a t i o n  c reep  t e s t i n g  has been accomplished by 

p l ac ing  sanp le s  i n  r e a c t o r s ,  monitor ing sample temperature and r a d i a t i o n  

l e v e l s ,  and p e r i o d i c a l l y  removing sarcples from t h e  r e a c t o r  t o  measure 

changes i n  sample l eng th .  Disadvantages of t h i s  technique a r e  a s  

fo l lows .  S ince  only d i s c r e t e  d a t a  p o i n t s  a r e  produced, f i n e  d e t a i l  of 

t h e  sample c reep  h i s t o r y  i s  l o s t .  I n  p a r t i c u l a r ,  t r a n s i e n t  behavior  i s  

l o s t .  S ince  samples must b e  removed f r o n  t h e  r e a c t o r  and placed i n  

c o n t r o l l e d  equ i l i b r ium temperature environments,  t h e  sample recovery 

behavior  may in t roduce  e r r o r .  I f  cont inuous c reep  d a t a  i s  d e s i r e d ,  t h e  

c o s t  of requi red  equipment is  very  l a r g e  (of t h e  o rde r  of a m i l l i o n  

d o l l a r s  per  specimen a s  opposed t o  only a few thousand d o l l a r s  f o r  t h e  

d i s c r e t e  method). 

It has r e c e n t l y  been shown t h a t  i r r a d i a t i o n  c reep  due t o  neut rons  

can be s imulated by l i g h t  ion  i r r a d i a t i o n  such a s  a lpha  p a r t i c l e s ,  

deuterons ,  and pro tons .  2" Charged p a r t i c l e  t e s t i n g  has  s e v e r a l  

advantages.  

1. Sources of h igh  energy ions  a r e  r e a d i l y  a v a i l a b l e  such a s  

cyc lo t rons  and Van de  Graff a c c e l e r a t o r s .  



2. The c o s t  of t e s t i n g  t h i n  samples w i t h  ions  i s  low (of t h e  

o r d e r  of a few thousand d o l l a r s ) .  ' 

3 .  In tests conducted out  of r e a c t o r ,  t i g h t  t o l e r a n c e s  on sample 

t e s t  c o n d i t i o n s  can  b e  achieved making cont inuous c reep  

measurement poss ib l e .  Hence t r a n s i e n t  and recovery charac- 

t e r i s t i c s  can b e  s t u d i e d .  

The i r r a d i a t i o n  c reep  experiment t o  b e  conducted a t  Oak Ridge 

Na t iona l  Laboratory by t h e  Metals and Ceramics Div is ion  inc ludes  

measurement of t h e  change i n  l e n g t h  wi th  t ime of meta l  f o i l  samples 

w h i l e  they a r e  bombarded by h igh  energy (approximately 60 HeV) a lpha  

p a r t i c l e s  a t  c u r r e n t  d e n s i t i e s  up t o  10  pA/cm2 from t h e  Oak Ridge 

Isochronous Cyclotron.  At t h i s  c u r r e n t  d e n s i t y ,  t h e  specimen d isp lace-  

ment r a t e  w i l l  match t h a t  a t  t h e  c o r e  of planned breeder  r e a c t o r s  

un i formly  through t h e  sample. 

A d e s c r i p t i o n  of t h e  experimental  appara tus  a s  shown i n  F igures  1 

and 2 i s  given below. 

1. Specimens having gauge dimension of 0.0076 x 0.2 x 2.0 cm a r e  

a t t a c h e d  by hydrau l i c  g r i p s  t o  two pu l l rods .  Capaci tance 

extensometers  ASL Model 1072 ( r e s o l u t i o n  b e t t e r  than  250 1) sit  

on t w o  s i d e s  of t h c  spccimcn bctwccn thc g r i p o ,  no i l l u c t r n t c d  

i n  F igure  2 ,  thereby  e l i m i n a t h g  e r r o r s  a s s o c i a t e d  wi th  remote 

s t r a i n  measurement. Sample th i ckness  can b e  inc reased  up t o  

9.0127 cm f o r  c r eep  tests a t  temperatures  above approximately 

250 O C .  

2. S t r e s s  is  app l i ed  v i a  a motor-driven s p r i n g  ( t h e  s p r i n g  i s  of 

t h e  r i n g  type  t o  prevent  any t w i s t i n g  tendencies )  t o  enab le  
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2 r ap id  v a r i a t i o n  of s t r e s s  up t o  580 FPa (Mnl/m ). A l o a d k e l l  

provides monitor ing of s t r e s s  (0.22 N r e s o l u t i o n ) .  

3 .  A l i q u i d  n i t r o g e n - f i l l e d  h e a t  s i n k  provides c o n s t a n t  sample 

cool ing  by hea t  conduction through c i r c u l a t e d  helium (113 t o  1 

atm a t  26.7 2 0.5 OC). 

4 .  Tercperature c o c t r o l  and rconitoring a r e  based on t h e  v a r i a t i o n  of 

sample r e s i s t a n c e  wi th  temperature.  Ohmic h e a t i n g  c u r r e n t  is  

suppl ied  by t h e  c o n t r o l  system t o  c o n t r o l  sample temperature over 

a rallgr from about  15U 'C t o  TOO "c. An i n f r a r e d  pyrometer, 

Raytek Thermaler t  Model S/L-300 B (2.8 O C  r e p e a t a b i l i t y )  

monitors t h e  temperature p r o f i l e  a long  t h e  sample. K i s i l /  

N i c r o s i l  and/or  Pt/Pt-lO%Rh thermocouples are provided t o  

monitor sample temperature under equ i l i b r ium room temperature 

condi t ions  t o  enable  compensation of t h e  c o n t r o l  system f o r  bu lk  

r e s i s t i v i t y  changes. Ambient temperature c o n t r o l  of t h e  

appara tus  i s  provided by c i r c u l a t i n g  water  through s t r u c t u r a l  

members and by c i r c u l a t i n g  helium i n  t h e  t e s t  chamber. The 

s h o r t  specimen thermal t ime cons t an t  (approximately 0.4 s ec )  

cnablea rapid va r i ac fons  i n  sample temperature t o  b e  made. 

5. Alpha-beam monitor ing w i l l  b e  accomplished v i a  a f l a t - p l a t e  

Langmuir probe mounted on t h e  beam mask and by monitor ing t h e  

ohmic hea t ing  c u r r e n t .  To main ta in  a uniform beam p r o f i l e  on 

t h e  sample, t h e  beam can b e  wobbled. 

This  p r o j e c t  has  s e v e r a l  o b j e c t i v e s .  The s t eady- s t a t e  and t r a n s i e n t  

c r eep  behavinr i n  puro meta ls  and a l l u y s  w i l l  b e  examined. Creep w i l l  

b e  s tud ied  a s  a f u n c t i o n  of temperature,  f l uence ,  and s t r e s s .  This  w i l l  



b e  f a c i l i t a t e d  by t h e  equipment which a l lows  r a p i d  v a r i a t i o n  of 

temperature,  stress, and atomic d l sp l acenen t  r a t e .  Candidate r e a c t o r  

c o n s t r u c t i o n  m a t e r f a l s  t o  b e  t e s t e d  f o r  u se  i n  breeder ,  t h e m c n u c l e a r ,  

and convent iona l  thermal  r e a c t o r s  i nc lude  bo th  e s t a b l i s h e d  a l l o y s  a s  

w e l l  a s  developmental ones.  Tes t  m a t e r i a l s  w i l l  b e  p r e i r r a d i a t e d  t o  

v a r y i n g  f l u e n c e s  i n  EBR-I1 (Experimental Breeder Reactor-11) and o t h e r  

r e a c t o r s  t o  avoid long-eerm stzucCura1 t r a n s i c n t c  and t o  s tudy  creep  as 

2 
a f u n c t i o n  of  f l u e n c e  (neutrons/cm ). S t r u c t u r a l  coupl ing  between 

stress and r a d i a t i o n  damage w i l l  Be s ~ u d l e d  by p r c i r r e d i a t i n g  s o m ~  

samples i n  the s t r e s s e d  condi t ion .  

111. SCOPE OF'DISSERTATION 

The s u b j e c t  of t h i s  d i s s e r t a t i o n  is t h e  saxcple temperature c o n t r o l  

system f o r  t h e  i r r a d i a t i o n  c reep  experiment.  I n  Chapter 11, t h e  impor- 

t a n c e  of p r e c i s i o n  temperature c o n t r o l  t o  the experiment i s  s t r e s s e d .  

Methods nf temperature measurement and c o n t r o l  are discussed. R e ~ b o u s  

f o r  choosing sample r e s i s t a n c e  as a measure of average s a n p l e  CempezuLure 

are given. Advantages of AC b r i d g e s  over  DC b r idges  a r e  enumerated. 

F i n a l l y ,  a b r i d g e  t h a t  a l lows  compensation f o r  changes i n  b u l k  

r e s i s t i v i t y  due t o  r a d i a t i o n  damage i s  developed. R e s u l t s  of computer 

programs a r e  presented  i n  Appendix A, i n  which polynomial equat ions  f o r  

thermal  expansion and r e s i s t a n c e  change w i t h  temperature are used t o  

c a l c u l a t e  t h e  tempera ture  and r e s i s t a n c e  c - n t r o l  necessary  f o r  1 ppn! 

s t r a i n  r e s o l u t i o n .  

I n  Chapter 111, methods f o r  measuring t h e  e r r o r  s i g n a l  from AC 

b r i d g e s  a r e  d iscussed .  A new method employing p r  c j - s f ~ n  r e c t i f i e r s  i s  



developed. The ch ie f  advantage of t h i s  method is  t h e  i n s e n s i t i v i t y  t o  

s t r a y  phase s h i f t s  i n  t h e  p r a c t i c a l  b r idge .  This  method a l lows  very  

long cab le s  t o  be employed i n  t h e  b r i d g e  wi thout  caus ing  s i g n i f i c a n t  

e r r o r .  However, t h e  l i n e a r i t y  of t h e  r e c t i f i e r  i s  shown t o  b e  of 

utmost h p o r t a n c e .  

E r ro r  ana lyses  of some p r e c i s i o n  r e c t i f i e r  c i r c u i t s  are presented  

i n  Chapter I V .  Hand ana lyses ,  u t i l i z i n g  bo th  p iecewise- l inear  and 

exponent ia l  diode models, and e l a b o r a t e  CSMP ( I B M  Computer System 

Modeling Program) computer ana lyses  a r e  given. Accuracy as a f f e c t e d  by 

ga in ,  o f f s e t  v o l t a g e s ,  input  b i a s  c u r r e n t ,  s lew r a t e  l i m i t a t i o n s ,  

exponent ia l  c h a r a c t e r i s t i c s  of PN junc t ions ,  HFE f l u c t u a t i o n  wi th  

c o l l e c t o r  c u r r e n t ,  and s t r a y  capac i tance  is  i n v e s t i g a t e d .  A d i s c u s s i o n  

of d i f f i c u l t i e s  i n  experimental  v e r i f i c a t i o n  of t h e o r e t i c a l  r e s u l t s  i s  

a l s o  presented .  

The f i n a l  c o n t r o l  system f o r  t h e  i r r a d i a t i o n  c reep  experiment is 

descr ibed  i n  Chapter V i n  terms of experimental  d a t a  and an  equ iva l en t  

system nodel .  Resu l t s  and sugges t ions  f o r  f u r t h e r  s tudy  a r e  given i n  

Chapter V I .  



TEMPERATURE CONTROL CONSIDERATIONS 

I. TEMPERATURE CONTROL REQUIREMENTS 
FOR IRRADIATION CREEP EXPERIMENTS 

The Need for Temperature Control 

One of the most important aspects of the experiment is remperature 

control and measurement since thermal expansion cannot be distinguished 

from mechanically induced length changes. The importance of temperature 

control is clear, given expected irradiation creep rates during these 

experiments of 50 ppm/24 hr. If the teEperature averaged along the 

length of the specimen varies by approximately 2 OC, the corresponding 

thermal expansion is approximately the sane as the creep occurring in a 

day! To allow testing under conditions of low stress and displacement 

rate, a strain measurement accuracy of one microstrain (1 ppm) is 

desired. This is substantially better than must previous experiments. 

For instance, for the experiments recently reported, strain measurement 

accuracies range from 50 pprn,9 to 5 ppm.l0 The required temperature 

control for 1 ppm thermal expansion ranges from 0.043 OC at 700 O C  for 

316 stainless steel to 0.403 OC at 700 OC for zirconium as shown in 

Table 1. The data presented in Table 1 were calculated via two com- 

puter programs. The first program was employed to fit a polynomial 

equation'to thermal expansion data obtained from References 11 and 12. 

A second program calculated the temperature control (AT) using the 

following equation: 



TABLE 1 

THE CHANGE I N  TEllPERATURE CAUSING A 1 PPM CHANGE 
I N  SAMPLE LENGTH FOR SEVERAL Y'TALS 

T e m p e r a t u r e  C h a n g e  ( O C )  a t  a T e r c p e r a t u r e  (OC) o f  
M e t a l  0. OCl - 26.66 150.00 3001.00 500.00 700.00 

H a s t e l l o y  F 0.074 0.073 0.068 0.363 0.058 0.053 

N i c k e l  

N i o b  ium 

316 S t a i n l e s s  S t e e l  0.065 0.064 0.058 0.053 0.047 0.043 

Z i r c o n i u m  0.242 0.233 0.249 0.291 0.347 0.403 



where L(T) is sample length as a function of temperature. For more 

information on these programs, see Appendix A. 

Another reason for temperature control is the reproducibility or 

repeatability of experimental results. Although radiation creep is only 

a1 ightly temperature conventional thermal creep is highly 

temperature dependent.4 Theraal creep (whether governed by dislocation 

motion or by diffusional mechanisms) has a thermal dependence which is 

normally that of self-diffusion; e.g., 

e = f (o) Dv , 4 

where ;? is the diffusion creep rate, Dv = DO exp(-Q/RT) , Dv is the self- 

diffusioc coefficient, f(o) is a function of stress related to the creep 

mechanism, Q is the activation energy for self-diffusion (typically tens 

of Kcal/mole), Do is a constant, and R is the gas constant. Wolfer et 

a1 . have Y ~ U W I I  L l ~ i l l :  the radiation-induced creep rate i s ~ m p 4  ri r.al.1.y given 

by 

where AVIV is the swelling rate, S is the deviatoric stress, 6ij 
i j 

is the 

Kronecker delta, and C and D are constants of ehe material. Also, 

thermal creep is usually dominant at very high temperatures, while 

radiation creep dominates at low temperatures as shown in Figure 3. 

Alternatively temperature measurement could be employed instead of 

temperature control. If temperature and creep were measured 
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Figure 3. Creep rate versus te~perature. 



siaultaneously, it would be possible to correct the creep data for 

temperature fluctuations. The shortcoming of this method results from 

transient response linitations of the equipment. Without temperature 

control, the sample temperature undergoes random, rapid fluctuations of 

the order of degrees due to beam power fluctuations and turbulent flow 

of heliun in the chanber. Also, the cyclotron is prone to failure, 

resulting in loss of beam and large tenperature changes of the sanple 

unless temperature control is employed. See Chapter V.  In addition, 

reproducibility of results at high sample temperatures would be poor due 

to the large temperature dependence of thermal creep. IIence, temperature 

control is preferable to temperature measurement. 

Experimental Considerations 

Because of the importance of specimen temperature control, 

tenperature control should be given special consideration in design of 

the creep apparatus. Dissipation of beam power, sample temperature 

profile, and measurement and control of Lhe mean sample ternperaturc arc 

three areas of utmost importance. With a full beam power density of 

2 300 W/cm , the net incident beam power on the sample is 120 W. Approxi- 

mately 10 percent of this power is absorbed by the foil sample. Power 

loss, due to radiation and conduction of heat to the grips, is inadequate 

to prevent excessive specimen temperatures. Therefore, conduction of 

heat via circulating helium to a cryogenically cooled heat sink was 

chosen for this experiment as the method of heat removal. This allows 

sample temperatures below 250 O C  with full beam power. Sample tempera- 

tures of 250 to 700 OC are obtained via AC ohmic heating current 

furnished by the control system. 



Of p a r t i c u l a r  concern i s  t h e  temperature p r c f i l e  a c r o s s  t h e  l eng th  

and width of t h e  sample. Some computed temperature p r o f i l e s  a r e  shown 

i n  F igure  4. The importance of a uniform temperature p r o f i l e  i s  i l l u s -  

t r a t e d  by t h e  fo l lowing  example. Suppose t h a t  t h e  l eng th  of a specimen 

a t  uniform temperature (T) i s  given by t h e  fo l lowing  q u a d r a t i c  equat ion .  

Breaking t h e  sample i n t o  i n f i n i t e s i m a l  l eng ths  (dZ), t h e  l eng th  of t h e  

aaiuple Is given hy 

Hence c o n t r o l  of t h e  average temperature a long  t h e  l e n g t h  of t h e  sample 

(y) does n o t  n e c e s s a r i l y  e l imina te  changes i n  l eng th  due t o  thernial 
- 

2 
expansion s i n c e  t h e  mean square  temperature (T ) must a l s o  he  he ld  

cons t an t .  (A l l  of t h e  meta ls  i n  Table 1 (page 11) have q u a d r a t i c  

express ions  f o r  L(T), except  f o r  niobium which has  a l i n e a r  L ( T ) ) .  

A nonuniform l a t e r a l  temperature p r o f i l e  w i l l  r e s u l t  i n  nonuniform 

s t r e s s  a c r o s s  t h e  width of t h e  specimen. For example, ch ip ley13 has  

c a l c u l a t e d  a l a t e r a l  temperature d i f f e r e n t i a l ,  from t h e  c e n t e r  l i n e  t o  

t h c  outside edge, of 3 . 7 3  and 6.51 O C  a t  mean sample tempera tures  of 327 

and 651 OC, r e s p e c t i v e l y .  These l a t e r a l  temperature d i f f e r e n t i a l s  w i l l  

L c r e a t e  d i f f e r e n t i a l  s t r e s s e s  of 13.34 and 23.28 b%/m , r e s p e c t i v e l y .  

I n  a d d i t i o n ,  a nonuniform temperature p r o f i l e  w i l l  cause nonuniform 
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(a)  Temperature p r o f i l e  with 12 W absorbed beam power i n  t h e  gauge 
length  and a 3.16 g r i p  spacing. No heat  generat ion i n  g r ips .  

I I 

I I 
I I 

- 

- - 

- - 

- - 

Figure 4. Computed temperature p r o f i l e s  of a specimen having a 
2 cm gauge length;  4.35 W ohmic heat ing  applied t o  sample. 

- 

- 

Source: K. K. Chipley, Oak Ridge National  Laboratory, Experimental 
Engineering Divis ion ,  In t ra l abora to ry  Correspondence. (unpublished.) 
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(b) Temperature prof i l e  with 12 W absorbed beam power i n  the gage 
length and 2.762 cm grip spacing. Hear generation i n  grips a 
1426 ~ / c m ~ .  

F i g ~ ~ r e  k (continued) 



thermal creep r e s u l t i n g  i n  an increase  i n  nonuniformity of s t r e s s  and 

s t r a i n  throughout t h e  sample. 

Severa l  methods a r e  cu r ren t ly  being used i n  i r r a d i a t i o n  creep 

experiments t o  c o n t r o l  temperature. A t  H a w e l l ,  McElroy e t  al .1° p lace  

a f o i l  sample i n  a helium atmosphere and measure the  sample temperature 

us ing a n  i n f r a r e d  pyrometer. This  pyrometer can scan t h e  sample t o  

measure and c o n t r o l  the  temperature a t  any small  spo t  on t h e  sample, 

us ing  DC ohmic. hea t ing  f o r  conrrol .  B e a u  wobbling i c  u t i l i z e d  t o  

a t tempt  t o  mainta in  u n i f o r n  i r r a d i a t i o n  and temperature. (See d i s -  

cuss ion of pyrometry on page 24,) On the  o the r  hand, Hendrick e t  a l .  4 

attempt t o  maintain a cons tant  temperature p r o f i l e  i n  t h e  i r r a d i a t i o n  

creep experiments a t  t h e  Naval Research Lab by p lac ing a sample i n  

d i r e c t  contac t  wi th  a h e a t  s ink .  The genera l  loca t ion  of the  heat  

s i n k ,  pu l l rods ,  sample, and beam a r e  s i m i l a r  t o  those shown i n  Figure 1 

on page 5. Sarople temperature i s  monitored By thel.iuucouples inoida  the 

hea t  s ink ,  and by a three-par t  thermocouple formed b y  Lwo wircs and tho  

sample. (See discussion on thcmocouples on page 1 9 , )  Specimen tem- 

p e r a t u r e  c o n t r o l  i s  provided by t h e  beam, hea te r s  and cool ing  c o i l s  

i n s i d e  the  hea t  s ink ,  and pul l rod  hea te r s .  There are s e v e r a l  l i m i t a t i o n s  

t o  t h i s  l a t t e r  approach. F i r s t ,  changes i n  beam power would n c t  cause 

equal  changes i n  sample and hea t  s i n k  temperatures i f  t h e  beam d i r e c t l y  

h e a t s  both. Also, c l o s e  tllelrmal coupling between h e a t e r s  and thermo- 

couples r equ i res  c a r e f u l  tuning of t h e  c o n t r o l  system t o  minimize intex- 

a c t i o n .  F i n a l l y ,  t h e  t r a n s i e n t  response of t h e  system must b e  slow due 

t o  t h e  hea t  s i n k ' s  thermal i n e r t i a .  



I n  the experiments a t  ORNL, d i r e c t  sample heating and temperature 

measurement was chosen t o  allow f a s t  response t o  beam perturbations. 

The temperature p ro f i l e  can be adjusted by varying the spacing between 

heat  s ink and sample, the  helium pressure, the  pullrod temperature, the  

ohmic heating current,  and the beam Thus the temperature pro- 

f i l e  may be shaped by several  techniques, 

11. TEMPERATURE MEASUREMENT METHODS 

Several methods of measuring temperature were considered f o r  

temperature monitoring and control  including the following: thermo- 

couples, infrared pyrometers, Johnson noise thermometers, and res i s tance  

thermometers. The s u i t a b i l i t y  of each of these schemes t o  the  measure- 

ment of sample temperature w i l l  now be examined. 

Thermocouples 

Thermocouples consis t  of two metals having d i f fe ren t  Seebeck 

coeff ic ients  t ha t  a r e  joined together a t  a point. The po ten t i a l  d i f fe r -  

ence between the open ends is 

where E is the thermal emf i n  pV, S is the Seebeck coef f ic ien t  as a 

-t 
function of the  path along the thermocouple wire i n  ~v/ 'c ,  VT is  the 

3 
teaperature gradient i n  OC/cm, dL is the  posi t ion vector i n  cm, and L is 

path. See Figure S(a). I f  Sa and Sb are the Seebeck coef f ic ien ts  of 

w i r e s  A and B, respectively,  then E is  givea by 
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(a) Sample Ll~r~nrucuuyle. 

(b) Three part  thermocouple. 

(c) Several  thermocouples attached t o  specimen. 

Figure 5. Thermocouples. 



If a third wire is added to the thermocouple with a Seebeck coefficient 

of S with junction temperatures of T and T as shown in Figure 5(b), the 
C 2 3 

thermoelectric voltage becomes 

(7) 

where Td = (Tg - T2)/2 and To = (T3 + T2)/2. 

There are several reasons why thermocouples would be a poor choice 

as the primary temperature measurement device. for this experiment. 

1. A major problem is thermal shunting. Since thermocouple wires 

are generally good thermal conductors, they can act as localized 

heat sinks at the points of contact with the sample. Because 

of low thermal inertia of the foil sample, temperatures would 

tend to be lower at the points of contact than they would be 

without the thermocouples. 

2. Also, if themccouples are exposed to the beam (as they must be 

to allow direct temperature measurement of the irradiated 

specimen), beam heating can create large temperature gradients 

along the wires. These gradients can cause error if the thermo- 

couple wires are inhomogeneous or if the thermocoupie is con- 

posed of more than two wires as illustrated by Figure 5(b) 



and Equation (7) ;  i .e . ,  the  themoe lec t r i cemfdepends  on T 
1 ' 

T2, and T or.T1, 3 To, and Td. Rence, unless  t h e  temperature 

p r o f i l e  along t h e  wires  i s  known, t he  vo l t age  is  d i f f i c u l t  t o  

i n t e r p r e t .  

3.  E l e c t r i c a l  shunting can a l s o  be  a problem. Shunting e f f e c t s  

due t o  f i n i t e  r e s i s t a n c e  of wire  i n s u l a t i o n  can cause e r r o r s .  

While helium gas would normally be  a good i n s u l a t o r ,  t h e  alpha 

beam w i l l  tend t o  ion ize  the  gas; reducing i t s  r e s i s t a n c e .  

Hence, insu la ted  wires  must be  employed. However, r a d i a t i o n  

can a l s o  cause i o n i z a t i o n  i n  the  wires  and i n s u l a t i o n  r e s u l t -  

ing  i n  leakage. 

4. Thermocouples l o s e  c a l i b r a t i o n  due t o  s t r u c t u r a l  changes 

occurr ing  a t  high temperatures. Decal ibra t ion  c h a r a c t e r i s t i c s  

vary d r a s t i c a l l y  with theirmocouple ma te r i a l ;  type K thermo- 

couples deca l i l i r a t e  11 O C  while N i c r o s i l / N i s i l  thermocouples 

change lcss than 0.5 O C  when exposed t o  1100 C f o r  700 hours. 14 

Both type S and N i c r o s i l / N i s i l  a r e  good choices f o r  t h i s  experi- 

ment because of t h e i r  s t a b i l i t y .  

5. Radiat ion a l s o  causes d e c a l i b r a t i o n  of thermocouples over long 

per iods  of exposure. l5 Decai ibra t ion  can r e s u l t  from rad ia t ion-  

induced s t=uc tuka l  changes and transmutat ion of t h e  elements 

t h a t  combine t o  form t h e  the'rmocouple wires .  Radiat ion can 

a l s o  c r e a t e  p a r a s i r k  cu r ren t s  i n  t h e  thermocouple w i r e s .  

6. An a d d i t i o n a l  problem is poss ib le  e r r o r  due t o  AC volcages 

caused by t h e  heat ing  cur ren t .  This  problem ii solved by read- 

i n g  t h e  thermal em£ wi th  vol tmeters  having very high common and 

normal mode r e j e c t i o n  r a t i o s .  



7. To measure t h e  average sample temperature,  s e v e r a l  thermocouples 

are requ i r ed  s i n c e  temperature can only be determined a t  d i s -  

c r e t e  po in t s .  The average of t h e s e  temperatures  i s  taken as t h e  

average sample temperature.  

8. Problems a l s o  occur i n  a t t a c h i n g  thermocouples t o  t h e  specimen. 

. F i r s t ,  i n s u l a t i n g  and connect ing s m a l l  w i r e  is  ve ry  t ed ious ,  

and t h e  wires  break  e a s i l y .  Secondly, spo t  welding many wi re s  

t o  t h i n  meta l  samples i s  l i k e l y  t o  damage t h e  specimen enough 

t o  a f f e c t  c reep  measurements due t o  l o c a l i z e d  annea l ing ,  changes 

i n  th ickness ,  e t c .  

A s  a n  example of t h e  magnitude of e r r o r s  t h a t  can occur ,  e r r o r s  of 

Z over 10  O C  were encountered when a 'beam c u r r e n t  d e n s i t y  of 3 pA/cm a t  

60 MeV and anohuiic  hea t ing  c u r r e n t  were app l i ed  t o  a specimen a t  tem- 

p e r a t u r e s  between 150 and 500 O C . '  N i c r o s i l / N i s i l  thernocouples  of 

2.54 x cm diameter  were used; t h e  f i n e  w i r e  reduced t h e  conductance 

of h e a t  a long  t h e  w i r e  and t o  t h e  helium gas.  Quartz tub ing  of 

7.60 x lo-' cm diameter were u t i l i z e d  t o  bo th  e l e c t r i c a l l y  and thermal ly  

i n s u l a t e  t h e  thermocouple wire .  A s  i l l u s t r a t e d  i n  F igure  5 ( c )  (page 20) ,  

thermocouples were a t t ached  t o  t h e  sample by l a s e r  s p o t  welding N i c r o s i l  

and N i s i 1  w i r e s  s e p a r a t e l y  t o  t h e  316 s t z i n l e s s  s t e e l  sample, forming a 

three-par t  thermocouple. Furthermore, t h e  thermocouple w i re s  were 

exposed Cu the  beam, which . . may have caused l a r g e  temperature g r a d i e n t s  

a long p a r t s  of [he thermocouple w i re s .  I n  some cases ,  two wi re s  of a 

thermocouple were spaced l o n g i t u d i n a l l y  on t h e  sample s o  t h a t  AC vol- 

t ages  of up t o  0 . 1 v o l t  appeared a c r o s s  t h e  thermocouple wires .  

N i c r o s i l / N i s i l  has  s t y p i c a l  ou tput  of 30 UV/'C; t h e r e f o r e ,  i n  o rde r  t o  



measure the thermal ensf to within 0.05 OC, a voltmeter with a normal-node 

rejection of approximately 30 dB would be required. 

Icfrared Pyrometry 

Pyrometers can be used to measure the electronagnetic radiation 

emitted from the sample to determine its temperature. The Stefan- 

Boltzmann equation gives the radiant exitance or flux emitted per unit 

area as follows: 

where E(~R,Y) is the hemispherical total emittance of the ~peciaen st 

the absolute temperature (T), and a is the Stefan-Boltzmafifi canstanc 

(5.6697 x w/m2) . For a blackbody (i. e., one that absorbs all 

incident radiant energy and emits the maximum possible spectral exitance 

for any wavelength (A) for its T), E(ZT,X) = 1. The spectral exitance 

is given by Plank's law as 

where 

Co is the speed of light in the enviro~lment of the specimen, h is Plank's 

constant, and s(2?r,X) is the hemispherical. spectral emittance. Kote that 

M may be written in terms of frequency (f) as follows: X 



s o  t h a t  

The s p e c t r a l  ex i t ance  i s  employed t o  c a l c n l a t e  t h e  energy emi t ted  over 

a f i n i t e  s p e c t r a l  bandwidth by i n t e g r a t i n g  MA over t h a t  bandwidth. 

General ly ,  a d e t e c t o r  can measure M over a s m a l l  angle  a s  i l l u s t r a t e d  i n  

F igure  6(a) .  I n  t h i s c a s e ,  t h e  s p e c t r a l  rad iance ,  t h e  f l u x  propagated i f i  

a given d i r e c t i o n  pe r  u n i t  s o l i d  ang le  about t h a t  d i r e c t i o n  and per  u n i t  

area normal t o  that di . rect icm, is given by 

and t h e  d i r e c t i c n a l  s p e c t r a l  emi t tance  of t h e  specimen i s  

where ~ ( 6 , x )  i s  t h e  t o t a l  d i r e c t i o n a l  emi t tance  and €(€),A) i s  t h e  

d i r e c t i o n a l  s p e c t r a l  emi.ttance .of t h e  sanple .  Solving Equation (13) f o r  

T ,  one o b t a i n s  

For AT < 2898 m - O K  t h e  number one can b e  omit ted wi th  less than  1 pe rcen t  

e r r o r  i n  t h e  measured T. This  approximation, known a s  Wien's law, y i e l d s  

t h e  fo l lowing  s i m p l i f i c a t i o n :  

where T , t h e  apparent  temperature,  i s  t h e  temperature given by Equation a 

(14) w i t h  ~ ( 0 ,  A) = 1. 
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  REFERENCE DIRECTION 
/ ON SPECIMEN SURFACE 

SPECIMEN 

( a )  Geometric parameters  d e s c r i p t i v e  of r e f l e c t t o n  fxon a s u r f a c e ,  
0 is  t h e  z e n i t h  angle ,  o r  co - l a t i t ude ,  i n  degrees ;  4 i s  t h e  
az imutha l  angle ,  o r  l ong i tude ,  i n  degrees;  w i s  t h e  beam s o l i d  
angle ,  i n  s t e r a d i a n s ;  and t h e  symbol ' r e f e r s  t o  viewing 
cond i t i ons .  

(b) Schematic of appa ra tus  f o r  s u r f a c e  temperature measurement by t h e  
r ad i ance  r a t i o  method showing the  arrangement f o r  cletewmini.ng 
t h e  s p e c t r a l  absorptance r a t i o  by s p e c t r a l  hea t ing .  

F igure  6.  Radia t ion  pyrometers. 

Source: H. H. Plumb, Temperature, Its Control  and Keasurernent i n  
Sc ience  and Indus t ry  (P i t t sbu rgh  : Instrument  Socie ty  of America, 1972) , 
pp. 460, 603, and 620. 
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(c) Schematic of polaradioneter. 

Figure 6 (continued) 



Since the reflectance of a material is equal to one minus the 

emittance for an opaque sample, many pyrometers measure the reflected 

radiation of 2 source  fro^ the sample. At least one pyrometer utilizes 

a laser as the source. l7 While a detailed discussion of pyrometry is 

beyond the scope cf this dissertation, an excellent treatise on pyrometry 

containing both theoretical analysis, measurement techniques, and 

radiaticn properties of materials is given by Touloukia et al. 16 

Infrared pyrometry has both advantages and disadvantages. Its chief 

advancage is that no contact to rhe sample fs necessary. A big problem 

is the determination of the emittance or reflectance of the sanple. 

This is influenced by not only the material from which the sample is 

constructed, but also the surface conditions; i.e., geometry of the 

object, surface coating and smoothness, angle of measurenent with respect 

to the surface, and measurenent wavelength. Thus, oxidation of the 

sample surface and accumulation of oil (such as that produced by dif- 

fusion pumps) on the sample's surface can cause error. Furthermore, the 

transmittance of the sanple's atmosphere and viewing windows must be 

considered. Moreover, typical accuracy of infrared pyroneters is 6 O C  

between 250 and 500 O C .  

Despite these problems, McElrcy et a1.l' at Harwell claim 

temperature control accuracy of 0.2 O C  at 500 O C  with an infrared 

pyrometry control systeE. To achieve this accuracy, the specimen was 

preoxidized to reduce emittance drift during the experiment. There are, 

however, several indications that creep behavior, especially for thin 

specimens, may be effected by a surface oxide. 18 

It should be mentioned that several techniques may be employed to 

minimize pyrometer sensitivity to emittance drift. In one technique, 



Kunz's r a t i o  method,19 t h e  thermal r a d i a t i o n  i s  measured a t  two 

wavelengths.  U t i l i z i n g  t h e  Wien approximation t o  Equat ion (14) ,  T  is  as 

fol lows:  

1 1 1 1  where T  = (- - - T-) , and Tsl and Ts2 a r e  t h e  s p e c t r a l  
, AITsl A2Ts2 1 

r a d i a t i o n  temperatures  a t  X and X r e s p e c t i v e l y .  I f  t h e  gray  body 1 2' 

assumption i s  made ( i . e . ,  c(8,X1) = E ( ~ , X ~ ) ) ,  T  equa l s  Tr. The v a l i d i t y  

of t h e  gray body assumption depends on both t h e  specimen and t h e  wave- 

l eng ths .  I n  another  method, Murray's po la r i zed  r a d i a t i o n  technique,  
20 

t h e  p o l a r i z a t i o n  of t h e  SUE of r a d i a t i o n  emi t ted  by a  blackbody sou rce  

and r e f l e c t e d  from t h e  t e s t  s u r f a c e  and t h e  r a d i a t i o n  emit ted by t h e  

s u r f a c e  determines t h e  sample temperature.  A s  p i c tu red  i n  F igure  6(b)  

(page 27),  a r o t a t i n g  ana lyzer  chopper examines t h e  p o l a r i t y  of t h e  

r a d i a t i o n .  While t h e  blackbody source  emi ts  unpolar ized r a d i a t i o n ,  t h e  

r a d i a t i o n  emi t ted  from t h e  specimen is  predoninant ly  po la r i zed  i n  t h e  

p lane  of i nc idence  (Ell). Assuming K i r c h o f f ' s  law ho lds  ' fo r  each com- 

ponent ( i . e . ,  t h e  i n c i d e n t  energy equals  t h e  sun? of t h e  r e f l e c t e d  and 

emi t ted  energy) ,  t h e  r e f l e c t e d  r a d i a t i o n  i s  predoninant ly  po la r i zed  

perpendicular  t o  t h e  p lane  of inc idence .  The sum of t h e  r e f l e c t e d  and 

emi t ted  i n t e n s i t y  i s  given by 

where Ebr ar.d Ebs a r e  t h e  ampli tude of t h e  emi t ted  r a d i a t i o n  of t h e  



blackbody and sanple, respectively. Only the tern involving cos 2 4 is 

utilized by the instrument. The orientation of the analyzer can be 

adjusted so that as the transmission axis passes through the plane of 

incidence, a reference signal is generated. If the maximum transmitted 

sigcal is in phase with the reference signal, the blackbody is cooler 

than the specimen, while if the transmitted signal is out of phase with 

the reference signal, the blackbody is hotter than the sample. Sample 

emittance can vary f r m  0.05 to 0.65 with less than 2 percent temperature 

error over a range of 150 to 450 O C  without conipensation for emittance 

value. This technique could potentially yield results accurate to 

0.05 O C  if the sample enittance is known to within a few percent. 

Theoretically, the system could be made to yield results independent of 

sample emittance or reflectivity. 

The temperature profile can also affect the accuracy of the thermal 

measurement. As discussed on page 15, to make the thermal expansion 

error equal to zero, either the temperature profile of the sample must be 

constant, or the temperature averaging must be weighted so that the sample 

temperature measured by the pyroneter is equivalent to thermal expansion. 

There are several approaches to temperature profile measurement that can 

be taken with pyrometers. The pyrometer can be focused on a spot on the 

sample, and this spot can be moved along the sample. The location of the 

spot and its temperature can be fed to a computer to calculate the 

weighted average tercperature of the sample. Alternately, a cylindrical 

lens can be employed to shape the spot so that it just covers all of the 

sample. This method would yield an unweighted average temperature if a 

polarizing pyrometer were employed, but would yield a logarithmically 



weighted temperature if a pyrometer operated on TJien's law. Finally, if 

the temperature profile were constant, temperature control at one spot 

on the sample would be sufficient, although the likelihood of a constant 

profile throughout the duration of an experiment is small due to beam 

perturbation. However, because there is no physical contact with the 

specimen, measurement flexibility is large, and accuracy is good. Infra- 

red pyrometry is a potential- candidate for temperature n~casurement in 

radiation creep experiments. 

Johnson Noise Thermometry 

The thermal noise of a resistor can be utilized to measure its mean 

temperature.21 This is acconplished by measuring the rms noise voltage 

and current of a resistor through amplifiers having known noise band- 

widths. The product of the rms noise voltage and noise current is 

proportional to the mean absolute temperature of the resistor. 

The scale factor of a noise themometer can be derived from 

PIyquist's forniula for the equivalent noise voltage of a resistor. The 

noise voltage, as shown in Figure 7(a), is given by 

- 
2 where e is the noise voltage spectrum in V /He, h is Plank's constant, n 

k is ~oltzmann's constant, T is absolute,temperature in OK, f is fre- 

quency in Hz, and R is resistance in ohms, If f << kT/h(= 20.8 GHZT/OK), 

then Equation (18) becomes 

which is independent of resistor material. The Norton equivalent circuit 
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(a) Equivalent noise circuits of a resistor. 
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Figure 7. Johnson noise thermometer. 
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(c)  cable and amplifier noise  for  a charge sens i t ive  amplifier. 

(d) Cable and amplifier noise for  a current sens i t ive  = p l i f i e r .  

Figure 7 (continued) 



2 
g ives  a n o i s e  c u r r e n t  spectrum i n  A Hz a s  

Note t h a t  t h e  no i se  power s p e c t r a l  dens i ty  i s  given by 

which g ives  a n  abso lu te ,  i i n e a r  temperature s c a l e  independent o t  

r e s i s t a n c e .  

A noise  thermometer opera tes  i n  t h e  following manner; F i r s t  t h e  

n o i s e  vo l t age  is measured with a vo l t age  s e n s i t i v e  ampl i f i e r  having a 

ve ry  l a r g e  inpu t  impedance and a gain of A . A s  shown i n  Figure 7 ( b ) , t h e  
e 

r m s  output  of t h i s  ampl i f i e r  is  in tegra ted  f o r  a  period of time (T). 

Next, t h e  n o i s e  c u r r e n t  i s  measured with a cu r ren t  s e n s i t i v e  smpl i f i e r  

having very low inpu t  impedance and a gain of A 
i e '  The r m s  output  of 

t h e  cu r ren t  ampl i f i e r  is a l s o  in teg ra ted  f o r  t h e  same period of time. 

The product of t h e  in teg ra ted  outputs  i s  

where C = Ae Aie4 k ( ~ f , h f ~ ) l / *  r2 and Af and Af . a r e  the  no i se  band- 
e  1 

widths of t h e  vo l t age  and cur ren t  ampl i f i e r s ,  r e spec t ive ly .  See 

References 22 and 23 f o r  information on no i se  bandwidth. 

The chief  advantage of t h i s  system i s  t h a t  the  c a l i b r a t i o n  i s  

independent of any r e s i s t a n c e  changes. However, t h e  system has severa l  

f a u l t s :  s e n s i t i v i t y  t o  e x t e r n a l  no i se  sources such a s  cable  no i se  

r e s i s t a n c e  and ampl i f i e r  noise ,  s e n s i t i v i t y  t o  ga in  s t a b i l i t y  and non- 

l i n e a r i t y  of ampl i f i e r s ,  s e n s i t i v i t y  t o  ampl i f i e r  impedance, and slow 

response t i m e .  



The noise sensitivity of the system is a big problem. If the 

voltage amplifier has an equivalent noise resistance of Rnv measured at 

room tenperature (T ) and if the cable resistance is Rc at a mean cable a 

tenperature of Tc, then the output of the noise voltage integrator will 

be 

where 

and R and T are the sample resistance and tenperature, respectively, 
X X 

as illustrated in Figure 7(c). If the equivalent noise resistance 

of the current sensitive amplifier is R as shown in Figure 7(d), then the ni 

output of the current integrator will be 

where 

and 

B = Rx/ (Rx + Rc) . 

Hence, the product of V and Vni gives ne 

Thus, the cable and amplifier noise makes the temperature scale 

nonlinearly dependent on R and Tx. Borkowoski and Blalock have shown 
X 



t h a t  ~ 5 t h  B of approximately 300 ohms, t h e  ex te rna l  no i se  causes 
X 

inc reas ing  e r r o r  a s  Tx decreases a s  predicted by the  preceding 

equations.21 By using s i m i l a r  equations t o  cor rec t  the  da ta ,  they were 

a b l e  t o  reduce e r r o r  t o  about 0.5 O C  a t  273.2 OK. Unfortunately, t h e  

e r r o r  would be  nuch worse i n  t h e  creep experiment s ince  R can be below 
X 

8.0 ,mS); i.e., small R increases  s e n s i t i v i t y  t o  cable  noise  and requires  
X 

t h e  use  of t ransformers t o  optimize S I N .  Also, t h e  alpha beam will 

c r e a t  no i se  due t o  random f l u c t u a t i o n  of the  beam cur ren t  and ion iza t ion  

of thc holiurn atmosphere. 

Since t h e  measured temperature is mul t ip l ied  by A and Aie, the  e 

s t a b i l i t y  and non l inea r i ty  of t h e  ampl i f iers  and r m s  conver ters  a r e  of. 

t h e  utmost importance. To measure a Tx of 700 O C  (973.2 OK) t o  wi th in  

0.05 'C requ i res  gain  accuracies of b e t t e r  than 30 ppm. The accuracy by 

which the  no i se  bandwidths a r e  known and devia t ions  of , t h e  no i se  spec t ra  

f romwhitenoise  a r e  a l s o  important. The e r r o r s  caused by c l ipping and 

slewing of ampl i f i e r s  a r e  d i f f i c u l t  t o  p red ic t .  For ins tance ,  high 

frequency overload problems can somee5nies cause out-of-band no i se  due t o  

intermodulat ion d i s t o r t i o n  t o  be a s  l a r g e  a s  the  in-band noise.  24 The 

e f f e c t s  of nonzero input  impedance of t h e  cur ren t  s e n s i t i v e  ampl i f i e r  

and less than i n f i n i t e  input  impedance of t h e  vol tage  s e n s i t i v e  ailipli- 

f i e r  a l s o  cause s c a l e  f a c t o r  errors due t o  cur ren t  and voltage d iv i s ion ,  

r e spec t ive ly .  

Because Johnson no i se  is random, long in tegra t ion  times a r e  

necessary t o  reduce t h e  standard devia t ion of t h e  measurements t o  

0.05 O C  a t  1000 OK. I f  the response time of the  rms  converter  is  much 

s h o r t e r  than T and i f  Af = Afe = A£ << f where f i s  the c,enter 
c ' C 



frequency of the filters used to measure the noise, the percent error is 

Note that ? would haire to be 4000 sec for Af of 100 KHz if a 

measurement accuracy of 0.05 O C  at 1000 OK is desired. Hence, a total 

measurement time of 8000 sec is 'required. Thus, noise thermometry is 

s~bstantially too slow. 

Resistance Thermcmetry 

Resistance thermometry measures the change in resistance due to - 
temperature change. Platinum resistance thermometers achieving 

accuracies of up to 0.0001 O C  have been reported.25 Unfortunately, in 

. the creep experiments, metals other than platinum are to be tested. 
. . 

Resistance size, temperature coefficients of resistance, resistance 

change due to strain, resistance change due to radiation damage, and 

electrical shunting can limit the accuracy of temperature measurercent. 

The resistance nieasurement accuracy required for 1 ppm strain 

accuracy was determined for several metals by the computer program in 

Appendix A. The results are presented along with resistance versus 

temperature in Table 2. One program fitted polynomial equations to 

resistance data obtained from References 11, 12, 26, and 27. Another 

program calculated the resistance control accuracy necessary for 1 ppm 

strain accuracy using the followixlg equation: 

where AT is given by Equation (1) on page 12. It is evident that there 



TPBLE 2 

THE RESISTANCE, RX(rnS1 , aM: THE CFA3GE IN RESISTANCE, ARX (pa) , OF A 4 0.00762 x 0.2 x 2 CM SPECIMEN 'I0 THE TEMPERATURE CHANGE NECESSARY 
TO CAUSE A L E N G 3  CHANGE OF 1 PPM FOR SEVERAL METALS. 

Sample Temperature in @C 
Metal 0.00 26.66 150.00 300.00 500.00 700.00 

Hastelloy F 
R x  
A R x  

Nickel 
R x  , 

ARx 

Niobium 

R x  
ARx 

316 Stainless Steel 
*x 97.1 9 9 . 7  111. 123. 136. 145. 
A R x  6 . 4 2  6 -15 5.02 3.86 2.61 1.61 

Zirconium 

Rx 
A% 



is a wide spread of resistance values ranging from a low of 8.37 mS2 for 

Nickel at 0 O C  and a high of 160 mS2 for Zirconiurr at 700 O C .  Note that 

Hastelloy F provides the worst case,resistance measurement problem for 

1 ppm strain resolution of 0.415 pfl out of 164 ml;2 (or 2.5 ppm) at 700 OC. 

The next worst case is 316 stainless steel with a required resistance 

measurenent of 1.61 pfl out of 145 mS1 (or 11 ppm) at 700 OC. The diffi- 

culty of this measurement accuracy is illustrated by the following: if 

a 1 amp measuring current is employed, Hastelloy F and 316 stainless 

steel require that the potential drop across the sanple is measured to 

within 0.415 pV and 1.61 vV in the high noise environment of the 

cyclotron. 

The resistance change due to creep will affect the temperature 

measurement. The sample strain (e) will cause a change in sample 

resistance due to the change in sample length and cross section; i.e., 

resistance is given by 

where Rx is the sample resistance, P is the resistivity of the sample 

in ohm-cm, L is the length of the specimen, and A is its cross section. 

Assuming elastic strain, A can be found in terms of A the initial 
0 ' 

value of A, by 

2 A = Ao(l - ve) , 

where v is Poisson's ratio. . Thus R is related to e by 
. X 

pLo(l + e) - 
Rx - Ao(l - ve) 2 -  



~ifferentiating Equation (33) with respect to e, one obtains 

If e << 1, then the sensitivity of Rx to E is 

Since v typically lies between 0.25 and 0.5, SR lies between 1.5 and 
X 
e 

2.0. However, a tenperature control, based solely on sample resistance 

measurement, will try to maintain a constant R ' i.e., x ' 

Hence, the change in temperature due to strain is 

a Rx 3 Rx a R 
dT = -(- de) = -K SR de/ ($1 . ae X 

X e 

But a change in sample temperature will cause a change in sample length 

as was illustrated earlier on page12 in Equation (I). Thus the measured 

elongation of the sample will be 

In other words, the percent error in the measurei Tfferential strain is 



aRx 
LO(T)/(L may b e  found from Table 2,  page 38, v i a  Equat ions (1) and 

(30) . Hence, P is given by e 

where AR is t h e  change i n  Rx corresponding t o  t h e .  temperature chznge 
X 

necessary  t o  cause a change i n  l eng th  of 1 ppn. Taking worst  c a s e  

cond i t i ons  f o r  Has t e l loy  F and 316 s t a i n l e s s  s t e e l ,  AR /R is  2.5 x 
X X 

and 11.0 x lo-', r e s p e c t i v e l y .  Hence P l i e s  between -60% and -80% . fo r  
e 

Has t e l loy  F and -14% and -18% f o r  316 s t a i n l e s s  s t e e l , . b o t h  a t  700 OC.  

Note, however, t h a t  t h i s  e r r o r  i s  e a s i l y  compensated. Typ ica l ly ,  P w i l l  
e  

b e  much smal le r .  For i n s t ance ,  Pe w i l l  b e  between -2.4% and -3.2% f o r  

s t a i n l e s s  s t e e l  a t  150 OC. 

Changes i n  t h e  bu lk  r e s i s t i v i t y  of a specimen can a l s o  occur  due t o  

annea l ing  and r a d i a t i o n  damage. To f i n d  t h e  e r r o r  due t o  annea l ing ,  f o u r  

cold worked 304 s t a i n l e s s  s t e e l  samples were ohmical ly hea ted  t o  

temperatures  of 415, 442, 490, and 660 O C  f o r  24, 24, 1, and 1.25 h r s ,  

r e s p e c t i v e l y .  The r e s p e c t i v e  changes i n  r e s i s t a n c e  a t  25 OC w e r e  -4.59Z, 

-4.632, -4.77%, and -4.40%. This  i n d i c a t e s  t h a t  most of t h e  r e s i s t a n c e  

annea l ing  e f f e c t s  occur  w i t h i n  t h e  f i r s t  few minutes of h e a t i n g  a t  t h e  

above t e s t  temperatures .  Although rad ia . t ion  induced r e s i s t i v i t y  changes 

a r e  approximately p ropor t iona l  t o  t h e  f luence  a t  lot7 d e f e c t  concentra- 

t i o n s ,  ' t h e ' r e s i ~ t i v i t ~  inc rease  a s soc i a t ed  w i t h  an i n c r e a s e  of po in t  

defects due  tn t h e  i r r a d i a t i o n  i s  g r e a t l y  reduced by annea l ing  e f f e c t s .  



Furthermore, the resistivity change due to irradiation is very smll for 

most metals, particularly at the high irradiation temperatures to be 

2 8 
employed in this.experiment. Fortunately, the resistance changes due 

to nuclear irradiation and annealing during the creep test are expected 

to be small for the preirradiated specimens. It may be assumed that 

small changes in resistivity will amount to constant ARx shifts in the 

resistance versus teniperature curve (Pathieson's rule) as illustrated in 

Figure 8. 27y28y29 Hence, resistance drift may be compensated by 

periodically measuring RIL at a fixed temperature. A detailed disc~x~inn 

of the compensation technique employed in the CWT experiment is given 

in the next section. 

The additional temperature control error due to changes in sample 

resistivity can. be found by including resistivity effects into Equation 

(36) as follows: 

and A(T) is the cross sectional area of the specimen. Hence the change 

in temperature due to resistivity drift is 

The dT given by the above equation may be added to that given by Equation 

(37) on page 40 to find the total temperature error. 
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-- IRRADIATED 

NOT IRRADIATED 
--- ANNEALED 

Figure 8. Effects of radiation or annealing on sample resistance. 



E l e c t r i c a l  shuntirig could a l s o  a f f e c t  r e s u l t s .  The impedance of 

t h e  helium plasma would be i n  p a r a l l e l  wi th  Pbx. The e f f e c t  of t h e  

p l a s m  r e s i s t a n c e  is minimized by t h e  low r e s i s t a n c e  of R . For 316 
X 

s t a i n l e s s  s t e e l  a t  700 O C ,  a 11 ppm drop i n  the  measured r e s i s t a n c e  

would be  caused by an e f f e c t i v e  shunting r e s i s t a n c e  of 13  KR. 

The type of plasma is dependent on bean current .  Without beam, a 

one conponent plasma is  forned by e l e c t r o n s  r h e x m l u ~ ~ i c a l l y  cmit ted from 

t h e  sample. The e l e c t r o n  space charge forms a poor conductive path 

bctwcan the sample g r i p s ,  An es t imut ion of plasma r e s i s t a n c e  (R ) can 
P 

be  e a s i l y  obtained by modeli~lg the  s a ~ p l c  g r ips  as two p a r a l l e l ,  f l a t ,  

p e r f e c t l y  conducting su r faces  a s  shown fi'! Figure 9 .  The mairimum current 

due t o  a one component plasma is  given by the Langmuir-Child law a s  

where E is  t h e  p e r m i t t i v i t y  Of h e l i u u  (8.05 x loL1' Flm), A is t h e  area 
0 

2 of e i t h e r  p l a t e  i n  n: , d is  spacing between the  p l a t e s  i n  m, q i s  the  

magnitude of t h e  e l e c t r o n  charge (1.6 x 10-19c), M is the  e l e c t r o n  mass e 

(9.11 x Kg), and Vo i s  the  p o t e n t i a l  d i f f e rence  betvcen t h e  p l a t e s  

i n  V. Hence the  minimum plasma resistance i s  

-4 2 Tf d is 2.5 x 1 0 - ~ m a n d  A i s  5.0 x 1 0  m ,  then R is 
0 P 

*Note t h a t  i n  Reference 30, Equation 44 is given i n  esu u n i t s ,  but  
it  is  given here  i n  FKS un i r s .  
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Figure 9 .  Simplified model of specimen grips used t o  estimate 
plasma resistance.  



Q. Since V is always less than 2 V,  R is  much g rea te r  5.36 x 10 /Vo 
0 P 

than 1 3  KL? when the  beam is o f f .  

To c a l c u l a t e  R due t o  ion iza t ion ,  t h e  e l e c t r o n  dens i ty  (n) and the  
F 

mobi l i ty  of e l e c t r o n s  i n  h e l i u n  gas (vn) must be  known. Neglecting the  

c u r r e n t  due t o  helium ions ,  R is given by 
P 

where w i s  t h e  d r i f t  v e l o c i t y  of e l e c t r o n s  i n  helium. I f  the  gas 

pressure  is  1 atmosphere a t  300 O K ,  d i s  2.5 cm,  and Vo i s  2 V, then w is  

3 8 x 10 cmlsec. 2 31 I f  A. i s  5.0 cm , R i s  
P 

I f  t h e  gas were completely ionizcd,  R would be 6 x i f 6  Q. Clearly,  
P 

t h i s  is  unacceptably low. Fortunately,  R a s  measured v i a  the  plasma 
P ' 

sensor ,  is  1.5 MS2 when Vo is  50 v and beam cur ren t  is  15 PA. (The 

plasma sensor,  cons i s t ing  of two p l a t e s  a$ shown 1x1 Ylgufe 1, page 5, 

and Figure 9 ,  page 45, i s  employed t o  measure beam current . )  Because of 

2 t h e  l a r g e  a r e a  of t h e  p l a t e s  (- 10 cm ), the  c lose  spacirlg (= 1 cm), and 

t h e  high voltage,  1 . 5  Mu is a conservative est imate;  therefore  R should 
P 

have a neg l ig ib le  e f f e c t  on t h e  measured value of R . 
X 

The sample temperature p r o f i l e  can a l s o  cause errors. Controll ing 

t h e  sample r e s i s t a n c e  w i l l  not  necessa r i ly  e l iminate  thermal expansion 

e r r o r s ,  nor wjll c o n t r o l  of the  average sample temperature. Although 

sample r e s i s t a n c e  could be  measured i n  s n a l l  segments i n  a method 

s i m i l a r  to  t h a t  f o r  thermocouples (see page 23) o r  t h a t  suggested f o r  

pyrometers (see  page 30), t h i s  is not  necessary a s  long a s  t h e  



temperature ~ r o f i 1 e . i ~  f a i r l y  uniform. Reasons f o r  having a uniform 

p r o f i l e  were d iscussed  previous ly  oc  page 15. I d e a l l y ,  t h e  equat ion  f o r  

R~(T) should be  p ropor t iona l  t o  t h a t  f o r  LO(T) t o  enab le  p e r f e c t  c o n t r o l  

of thermal expansion by r e s i s t a n c e  c o n t r o l ;  i .e.,  

From Table 2 on page 38, i t  is  obvious t h a t  Equat ion (48) is  n o t  

gene ra l ly  s a t i s f i e d .  For t h e  meta ls  i n  Table 2, t h e  r e s i s t a n c e  c o n t r o l  

(ARx) monotonically decreases  a s  T inc reases .  For smal l  d e v i a t i o n s  from 

a f l a t  temperature p r o f i l e  o r  f o r  l a r g e  d e v i a t i o n s  over  a sma l l  p o r t i o n  

of t h e  gauge l eng th ,  t h i s  decrease  has  n e g l i g i b l e  e f f e c t  on t h e  system 

e r r o r .  For example, s i n c e  t h e  r e s i s t a n c e  of t h e  sample i s  given by 

assume a temperature p r o f i l e  a s  given i n  F igu re  10(a). I f  t h e  sample has  

uniform c r o s s  s e c t i o n ,  then  

where t h e  sample temperature . is T 
1' T2, and T3 over  sample l e n g t h s  of 

a L and a L r e s p e c t i v e l y ,  such t h a t  t h e  sample gauge l e n g t h  al Lo' 2 0, 3 0' 

is 

I f  Ap is  t h e  d e v i a t i o n  of p from t h e  mean va lue  (po) ,  and Aa is t h e  

d e v i a t i o n  from t h a t  a t  t h e  mean temperature (a ), then  
0 
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POSITION ALONG THE SAMPLE LENGTH 

(a) Temperature p r o f i l e  along the gauge length (L ) where 
0 a + a  + a 3 = 1 .  

1 2  

POSITION ALONG THE SAMPLE LENGTH 

(b) Temperature p r o f i l e  between the grips ,  where L i s  the gauge 
length and L o ( l  + a + a ) i s  the distance be&een the grips. 

1 2  

Figure 10. Sample temperature p r o f i l e  models. 



and 

I f  a zirconium sample h a s  a = a = 0 . 1 w i t h  01 03 

and 

where T i s  i n  O C ,  t hen  i t  can b e  shown t h a t  R does n o t  change i f  t h e  
X 

temperature changes from a uniform 300 O C  t o  Tl = T3 = 325 O C  and T2 = 

293.89 O C .  However, t h i s  change i n  temperature p r o f i l e  w i l l  cause a n  

i n c r e a s e  i n  gauge l eng th  of only 1.1 ppm and an  i n c r e a s e  i n  t h e  average 

sample temperature of on ly  0.11 OC.  S ince  t h e  tempera ture  p r o f i l e  

ac ros s  t h e  g a u g e l e n g t h  i s  expected t o  d e v i a t e  no more than  6 O C  fron? a 

uniform p r o f i l e ,  and s i n c e  zirconium is  gene ra l ly  more s e n s i t i v e  t o  

temperature p r o f i l e  than  t h e  o t h e r  meta ls  i n  Table 2, page 3 8 , . t h e  e r r o r  

should be n e g l i g i b l e .  

Another source  of e r r o r  is  t h e  thermal  expansion between t h e  sample 

g r i p s ,  b u t  o u t s i d e  t h e  gauge l eng th  over  which t h e  sample is  i ' r rad ia ted  

and R is  measured. Unfortunately,  t h e  sample l e n g t h  i s  measured a t  t h e  
X 

g r i p s  ( s ee  F igures  1 and 2, pages 5 and 6) i n  t h e  O R N i  experiment .  I f  

t h e  sample l eng th  o u t s i d e  t h e  gauge l eng th  is  113 t h a t  of t h e  gauge 



l eng th ,  i f  t h e  thermal expansion c o e f f i c i e n t  of the  specimen is 20 ppm/O~, 

and i f  the  temperature p r o f i l e  is a s  shown i n  Figure 10(b),  t h e n a  change 

i n  T1 and T wi th  respec t  t o  T2 of only 0.15 O C  w i l l  cause a 1 ppm e r r o r  
3 

i n  t h e  measured gauge length.  Several  techniques can be employed t o  

minimize t h i s  e r r o r .  

1. The r e s i s t a n c e  can be measured beyond t h e  gauge length.  

2. Pyrometers can be  employed t o  measure t h e  'temperature beyond 

t h e  gauge length .  The pyrometer outputs  can then be used t o  

c o n t r o l  hea t ing  a t  t h e  g r ips  o r  beam wobbling t o  maintain 

uni forn  bean p r o f i l e .  

3. The length  between the  g r ips  and the  gauge l eng th  can be  

minimized, b u t  only i f  t h e  g r ips  a r e  heated. 

4 .  Optica l  techniques could possibly be  employed t o  measure the  

gauge l eng th  d i r e c t l y .  

F ina l ly ,  i t  should be mentioned t h a t  i f  R i s  employed t o  set 
X 

opera t ing temperature, i t  is  important t o  know Rx(T) accura te ly .  Care 

should be  exercised i n  using da ta  on p(T), i . e . ,  

See References 25, 32,  33, 34, and 35 f o r  methods of measuring R (T). 
X 

Temperature, Measurement System Employed 
i n  the  Experiment 

From t h e  precedfng discuss ion,  it is evident  t h a t  no temperature 

system is  p e r f e c t ,  bu t  t h a t  r e s i s t a n c e  measurement o f f e r s  the b e s t  

p o t e n t i a l  accuracy. I n  addi t ion ,  r e s i s t a n c e  measurement o f f e r s  near ly  

instantaneous measurement of sample temperature. But r e s i s t a n c e  



measurement cannot easily measure temperature profiles . For this purpose, 

an infrared pyrometer will be utilized. Nisil/Nicrosil and/or type S 

thermocouples will be employed to rceasure temperature when beam current is 

zero and ohmic heating power is very small; i.e., when the sample 

temperature is near room temperature. Thermocouples will have excellent 

accuracy when the entire apparatus is at uniform equilibrium temperature. 

Under these conditions, the sample can be monitored for bulk resistivity 

changes. A bridge allowing compensation for bulk resistivity changes will 

be presented next. 



CHAPTER I11 

RESISTANCE BRIDGES AND ERROR DETECTORS 

I. BRIDGE TOPOLOGY 

The f i r s t  r e s i s t a n c e  br idge  was developed by S i r  Charles Wheatstone 

i n  1843 and was based on i d e a l s  presented by S. H. C h r i s t i e  t e n  years 

e a r l i e r .  36 I n  the  Wheatstane bridge shown i n  Figure l l t a ' l .  the error 

vo l t age  (V ) i s  zero ( i . e . ,  t h e  br idge  i s  balanced i f  e 

Unfortunately,  t h e  r e s i s t a n c e  of t h e  wire,  connecting and Rs t o  t h e  
X 

br idge ,  w i l l  e f f e c t i v e l y  be  added t o  e i t h e r  o r  both the  standard r e s i s t e r  

(Rs) and t h e  sample res i s t ance  (Rx), thereby causing e r r o r .  This can be 

p a r t i c u l a r l y  troublesome with low res i s t ance  standards and samples. 

An improved br idge ,  known a s  the  Kelvin double br idge ,  c o r r e c t s  f o r  

2 5 
cab le  l o s s  and is widely employed i n  platinum r e s i s t a n c e  thermometers. 

A s  shown i n  Figure l l ( b ) ,  

where 
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Figure 11. Circuit diagram of (a) Wheatstone and (b) Kelvin 
bridges. 



5 4 

= lg[(Rx + Rs + r y l  IRab) 1 IRAB1 9 
g 

Rab = Ra + % + ra + rb, and RAB = R A + R g + r A + r B  . 

I f  Rm >> R x +  R and Rab >> r Equation (61) becomes 
s Y' 

Plugging Equations (59) and (66) i n t o  Equation (58) gives 

Note t h a t  i f  

and i f  V is  approximated by Equation (62), then Equation (63) becomes 
8 

which i n d i c a t e s  t h a t  t h e  bridge balance condit ion given by 

is  independent of r . Effec t s  of rg and r on br idge  c a l i b r a t i o n  a r e  
Y a 

minimized by making rB << and rA << RA, o r  by making r /r = R A / s .  A B 

Hence, the  Kelvin double br idge  is  s u i t a b l e  f o r  use i n  t h i s  experiment 

s i n c e  i t  e l iminates  e r r o r s  due t o  r . 
Y 



Figure  12  shows t h e  b r idge  developed f o r  u se  i n  t h e  ORNL r a d i a t i o n  

c reep  experiment.  The b r i d g e  is  e s s e n t i a l l y  a Kelvin double b r idge  w i t h  

some important  s p e c i a l  f e a t u r e s .  Ra is t h e  s e r i e s  combination of a 2.5KQ 

r e s i s t o r  and two p r e c i s i o n  poten t iometers ;  C O R l  (3.35K529 and CP1 (33..5KSl). 

RA is  formed by t h e  s e r i e s  combination of another  2.5KSs' r e s i s t o r  and two 

p r e c i s i o n  poten t iometers :  CCR2 (3.35KQand CP2 (33.51361). % a n d  Rg are 

both 25KQ r e s i s t o r s .  Note t h a t  t h e  b r i d g e  cai be balanced f o r  two 

d i f f e r e n t  va lues  of R s i n c e  CP1 and CP2 have two s l i d e r s  each, e i t h e r  
X 

of which may b e  used t o  ba lance  t h e  b r idge  depending on t h e  p o s i t i o n  

of swi tch  S2. S ince  t h e  c o r r e c t i o n  poten t iometers  C O R l  and COR2 a r e  i n  

t h e  b r idge ,  r e g a r d l e s s  of S2, they nay be,employed t o  compensate f o r  

d r i f t  i n  t h e  bu lk  r e s i s t i v i t y  of R i n  t h e  fol l .oving manner: With S2 i n  
X 

p o s i t i o n  M, t h e  b r i d g e  is  balanced a t  t h e  s t a r t  of t h e  experiment w i th  

, t h e  sample a t  a. c a r e f u l l y  c o n t r o l l e d  ambient temperature (T,). T can a 

be measured wi th  thermocouples a t t ached  t o  t h e  sample. Then w i t h  S 2  i n  

p o s i t i o n  R, t h e  b r i d g e  is  s e t  f o r  ba l ance  a t  ope ra t ing  temperature with- 

out  d i s t u r b i n g  e i t h e r  c o r r e c t i o n  potent ionieter .  Whenever a check on 

r e s i s t i v i t y  d r i f t  is  d e s i r e d ,  S2 is  r e tu rned  t o  p o s i t i o n  M and t h e  sample 

temperature i s  set t o  T . Then t h e  b r idge  i s  rebalanced,  i f  necessary ,  a 

by u t i l i z i n g  only t h e  c o r r e c t i o n  poten t iometers .  This  au toma t i ca l ly  

compensates t h e  b r i d g e  f o r  a f i x e d  AR s h i f t  r e g a r d l e s s  of S2. This  
X 

becomes obvious when Equation (66) is  r e w r i t t e n  a s  fol lows:  

Rs 
+ ARx = R + rg x (RA + R cp cor C O ~  

+ R  + A R  ) ,  
J3 0 

where 
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Figure 12. Circuit diagram of a Kelvin double bridge that a l lows 
two balance conditions for Rx and compensation for R d r i f t .  

X 



,Rcor is the initial value of the correction pot resistance, ARcor is the 

change in the correction pot resistance to correct for AR and R is the x ' c P 

resistance of the CPl 'pot corresponding to the'initial sample 'resistance 
. . 

for either T or 'operating tenperature. Equation (64) is. satisfied by a 

adjusting CP2 and COR2 to balance the bridge when S1 is in position 
' 

CP2 adj. With S1 in this position, R acts as a sample resistor and A % 
as a standard resister in a Wheatstone bridge. Since r r and % are b' a' 

set equal to r rA and %, respectively, both Equations (64) and (57) B ' 
are satisfied by setting Ra =. RA. 

11. AC/DC BRIDGE CONSIDEPdTIONS 

The frequency of the measurement current (I ) is an important 
g 

consideration. There are two reasons why a DC measurement and heating 

current should not be employed in the Oak Ridge experiment, First, a DC 

current will preclude the use of thermocouples on the sample since the 

DC voltage across the thermocouple wires 'due to the DC current can not 

be readily distinguished from the thermoelectric potential difference; 

i.e..,.the emf induced into the thermocouple by a DC heating current can 

be orders of magnitude higher than the thermoelectric emf (see page 23). 

Secondly, to cancel errors due to thermoelectric voltages, two.balances , 

must be nade with opposite polarities of I . In other words, a single 
g 

polarity measurement current should not be .employed. 

The frequency of I nust be chosen with care. A low frequency I 
8 8 

will adversely affect the response time of the control system; i.e., a 



10 Hz I will allow only ten temperature measurements per sec or, 
g 

equivalently, a system response time much longer than 100 msec. loreover, 

.a high frequency I can cause errors due to stray reactances. For this 
g 

reason, only a sinusoidal I should be employed in resistance bridges. 
g 

Thermal expansion determines the lower frequency linit. Since the 

increase in temperature due to ohmic heating is approximately proportional 

to the mean-square current times the sample resistance, the temperature 

ripple is determined by the frequency and the sample thermal time con- 

stant (Tt) . Duncan et a1. 23 have shown that the output of a mean-square 

circuit with single pole averaging is given by 

where 

- 1 
0 = tan . (-2wlTt) , 

the current through the sample is 

I(t) = I siaw t , 
0 1 

H is the DC value of the thermal transfer function, and is a function 
t 

of the mean specimen temperature, T is the sample.temperature without ohmic 
0 

heating, and the frequency is sufficiently high so that Rx is constant; 

i.e., the temperature ripple is small. 23 The temperature ripple is 

given by 

while the average temperature is given by 



To ana lyze  t h e  e f f e c t  of t h i s  temperature r i p p l e ,  t h e  e f f e c t i v e  

moving mass a t t ached  t o  t h e  sample ( t h e  mss of t h e  lower p u l l r o d  and 

g r i p ) ,  t h e  compliance of t h e  s p r i n g  a t t ached  t o  t h e  lower pu l l rod ,  and 

t h e  compliance of t h e  sample must b e  considered.  A s i n p l i f i e d  equ iva l en t  

mechanical systen? and i t s  e l e c t r i c a l  analog c i r c u i t  a r e  shown i n  

F igure  13. (For informat ion  on e l e c t r i c a l  ana logs ,  s e e  References 37 and 

3 8 . )  X is t h e  r a t e  of change i n  l eng th  of t h e  sample due t o  temperature 
0 

r i p p l e  i f  sample were p e r f e c t l y  r i g i d ,  X l i s  t h e  a c t u a l  r a t e  of change i n  

l eng th  of t he  sample assuming t h e  upper pu l l rod  i s  s t a t i o n a r y ,  M is 

t h e  moving mass of t h e  lower p u l l r c d ,  K is t h e  compliance of t h e  s p r i n g  1 

a t t ached  t o  t h e  lower pu l l rod ,  and K2 i s  t h e  compliance of t h e  sample. 

I n  t h e  equ iva l en t  e l e c t r i c a l  c i r c u i t ,  vo l t age ,  c u r r e n t ,  inductance,  and 

. capac i tance  r ep re sen t  f o r c e ,  v e l o c i t y ,  mass, and compliance, r e s p e c t i v e l y .  

Kence t h e  AC a n a l y s i s  y i e l d s  

and 

I o ( l  - LC/) 
F2 = V2 = 

LC, Caw 
2 

where o = 2wl, che sample's compliance is  given by 
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Figure 13. The mechanical system and the AC e l e c t r i c  analog of the 
spring, pullrod, and sample. 



E i s  t h e  specimen's Young's nodulus,  Lo is  t h e  d i s t a n c e  between t h e  g r i p s ,  

and A. is  t h e  sample c r o s s  s e c t i o n a l  a r e a .  S ince  C, << C1, Equat ions 
L 

(71) an2 (72) reduce t o  

and 

By r e w r i t i n g  Equat ions (74) and (75) i n  terms of t h e i r  mechanical 

coun te rpa r t s ,  us ing  t h e  f a c t  t h a t  t h e  peak v a l u e  of kisXlp2u1, u = F/Ao, 

and X = Lo a T (w), one o b t a i n s  
0 P t P 

L ~ H R I ~ D  
o t t x o  

X " 
l p  2(1  + ( 2 9  Tt) ) 2 l l 2 ( l  - M K2 ( 2 0 ~ )  ) 

and 

where a is c o e f f i c i e n t  of thermal  expansion of t h e  specimen. Note t h a t  
t 

Equat ions (76) and (77) i n d i c a t e  i f  t h e  r a d i a n  frequency of  I i s  c l o s e  
g 

t o  (414K2) , Y(S,P l a r g e  AC f l u c t u a t i o n s  i n  sample l eng th  and s t r e s s  

could r e s u l t .  Not only would t h i s  make s t r a i n  measurement d i f f i c u l t ,  b u t  

also sample f r a c t u r e  would be l i k e l y .  Since El i s  approximately 1 .5  Kg 

and K2  ranges from 0.47 t o  2.4 ilm/Nt f o r  t h e  f i v e  metals i n  Tables  1 and 

2 on pages 11 and 38, r e s p e c t i v e l y ,  w i th  Lo = 2.5 cm, A ranging  from 
0 

0.15 to0 .26  s q  mm, and E ranging from 60 t o  210 GICt/sq m, t h e  resonant  

frequency ranges from 40 t o  95 Hz. I f  a t  = 20 ppm/'~, is  700 'c, T is 
0 



150 OC, T i s  0.4 sec, and the  resonant  frequency is  95 Hz, then the  
t 

0 

minimum frequency of I f o r  less than 250 A peak length r i p p l e  i s  given 
g 

by Equation (76) a s  approximately 270 Hz. I f  A. is  0.15 sq  mm and K1 i s  

70 pm/I?t, t h e  minimum frequency f o r  less than 35 M Nt/sq m peak s t r e s s  

r i p p l e  i s  given by Equation (77) a s  130 Hz. Hence, the  lower frequency 

l i m i t  determined by the  s t r a i n  r i p p l e  is  270 Hz. 

Another resonadt  mode is  t h a t  of t ransverse  v i b r a t i o n  of t h e  sanple.  

I f  t h e  sample i s  assumed p e r f e c t l y  e l a s t i c  and t h e  pul l rods  s t a t ionary ,  

die resonant  f requencies  a r e  determined by the tens ion (A,a), and t h e  

Line dens i ty  of t h e  specimen (A0p) a s  ' 

If t h e  maximum dens i ty  of the f i v e  metals i n  Table 2 on gage 38 is 

3 2 8902 Kg/m , and L is  2.5 cm, and A-  is  0.15 m . then t h e  m i . m i . m i ~ m  
0 u 

resonant  frequency 5s 

2 For an expected minimum applied s t r e s s  of 35 M N t / m  , the  upper l i m i t  on 

frequency is  1 .3  KHz. The s e v e r i t y  of t h i s  resonant mode is minimized 

by cRe f a c t  t h a t  the  primary means of e x c i t a t i o n  by t h e  heat ing cur ren t  

is v i a  the  magnetic f i e l d  caused by the  cur ren t  flow. Because the re  a r e  

no c l o s e  ferromagnetic mate r i a l s  t o  the  sample, t h e  magnetic force  on the  

sample is small .  Moreover, no v i b r a t i o n  problems have been observed i n  

an  experimental mockup wi th  a 1 KHz heat ing cur ren t  frequency. A f re-  

quency of 1 KHz was chosen due t o  noise  considerat ions:  i f  is  f a r  



enough from t h e  1.92 KHz n o i s e  due t o  t h e  capac i tance  ex tensone te r s  and 

t h e  360 Hz n o i s e  of t he  cyc lo t ron  environment t o  a l low f i l t e r i n g  of 

t h e s e  n o i s e  f r equenc ie s  from t h e  1 KHz s i g n a l .  The e f f e c t s  of s t r a y  

r eac t ances  on system accuracy w i l l  b e  d iscussed  i n  g r e a t e r  d e t a i l  next .  

111. BRIDGE DETECTORS 

Conventional Phase-Sensi t ive Detec tors  

To u t i l i z e  a b r i d g e  i n  a c o n t r o l  system, a DC s i g n a l  must b e  

de r ived  so t h a t  t h e  s i g n a l  is  zero  i f  t h e  b r i d g e  i s  balanced,  one p o l a r i t y  

i f  R i s  l a r g e r  than  ba lance  va lue ,  and t h e  oppos i t e  p o l a r i t y  i f  Rx is 
X 

below ba lance  va lue .  Usual ly,  t h i s  is accomplished wi th  a phase-sens i t ive  

d e t e c t o r  (PSD) a s  shown i n  Figure 14.  PSD's o p e r a t e  on t h e  p r i n c i p a l  t h a t  

t h e  DC component of t h e  product  of two s i n u s o i d s  a t  t h e  s a m e  f requency i s  

p ropor t iona l  t o  t h e  product  of t h e i r  ampli tudes and t h e  cos ine  of  t h e i r  

phase d i f f e r e n c e ;  i .e.,  

v ( t )  = VeVd s i n  (wot + Be) s i n  (wot + Bd) 
psd 

(80) 

The double frequency component can e a s i l y  be  suppressed wi th  a lowpass 

f i l t e r  o r  an  i n t e g r a t o r .  When v e ( t )  i s  i n  phase w i t h  v ( t )  , V = VeVd/2, 
g psd 

b u t  when they a r e  ou t  of phase, V = -V V 12. When Ve i s  zero ,  s o  is  
psd e d 

V p ~ d  ' r e g a r d l e s s  of t h e  r e l a t i v e  phase. This  means t h a t  a small r e l a t i v e  

phase s h i f t  w i l l  n o t  a f f e c t  t h e  ba l ance  cond i t i on  i f  Ve = 0.  Unfor tuna te ly ,  

V w i l l  u sua l ly  n o t  be zero due t o  s t r a y  r eac t ances  i n  t h e  b r idge .  For e 

in s t ance ,  i f  Equat ions (59) a n d ( 6 0 ) a r e  r e w r i t t e n  i n  terms of impedances 
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Figure 14. Phase-sensitive detector. 



6 5 

having nonzero r eac t ances ,  then phase s h i f t s  Eay r e s u l t  a s  fol lows:  

V = V A (O ) / 8  = V (Re As(uo) + j I m  AS(OO)) 
S g s 0-  g 

and 

VR = v 
g $(oo)/e, = V g  (Re C7((uo) + j In +(uO)) . 

T h ~ s  V becomes e 

Ve - Vg (Re (As(Oo) - $(ao)) + j I I (A~( I .Y~)  - A ( 1 1 )  1)) . K 0 

I f  t h e  phase s h i f t s  a r e  very  small ,  then  t h e  b r i d g e  i s  approximately 

balanced when Re(AS(wo)) = Re(%(uo)). Thus, Ve i s  

But a phase-sens i t ive  d e t e c t o r  w i l l  i n d i c a t e  ba lance  i f  and only i f  

cos(8, - Bd) = 0. Hence, 0 is very  c r i t i c a l  f o r  proper  ba lance .  d 

Furthermore, t h e  proper  va lue  f o r  8 w i l l  change s i g n i f i c a n t l y  f o r  
d 

d i f f e r e n t  va lues  of Rx. S u b s t a n t i a l  phase s h i f t s  w i l l  be  introduced by 

t h e  30 n cab le s  i n  t h e  b r idge .  

I t  should b e  mentioned t h a t  techniques  can b e  employed t o  compensate 

au toma t i ca l ly  f o r  phase s h i f t  e r r o r .  One technique,  shown i n  F igure  15 (a )  

l a r g e l y  s t a b i l i z e s  phase s h i f t  dependence i n  R by keeping t h e  r a t i o  of 
X 

R :R cons t an t .  I n  t h i s  method, R and % a r e  f i xed ,  and Rs is ~ h e  
s x A 

potent iometer  employed t o  ba lance  t h e  br idge .  It0 Unforrunately,  t h i s  

technique would be p r o h i b i t i v e l y  c o s t l y  because of t h e  very  low va lues  

of Rx. While t h i s  technique is  normally employed wi th  R 's i n  t h e  tens 
X 

of kiloohm range, R $11 Ll l is  experiment ean be  lcos than  1 0  mbd. This  
X 
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(a) RC phase s h i f t  compensation where 0 i s  t h e  osr.i l lator,  A1 and A2 
a r e  a t t e n u a t o r s ,  RT i s  t h e  specimen r e s i s t a n c e ,  TT is  a twin 
t e e  f i l t e r  i n  t h e  feedback pa th  of an  opamp t o  form a band-pass 
f i l t e r ,  PR is  a photo r e s i s t o r  a c t i n g  a s  a vo l t age  controll .ed 
a m p l i f i e r ,  PSD is  t h e  phase-sens i t ive  d e t e c t o r ,  and N i s  t h e  
frequency compensation. 

Source: W. Weyhman, "Thermometry a t  Ultralow Temperatures," 
i n  Methods of  Experimental Physics  : s o l i d '  S t a t e  Phys ics ,  eds  . 
L. Marton and R. V. Coleman (New Ycrk: Academic P res s ,  19741, 
p. 500. 

(b)  Induc t ive  phase compensation. 

Source: J. J. H i l l ,  "Pl.atinum-Resistance Thermometry Using 
an  AC Induc t ive  Ra t io  Bridge," ISA Trans., Vnl.. 7,  p .  105, 1968. 

F igure  15. Manual phase ~ompensn t ion  techniques f o r  phase-seus i t ive  
d e t e c t o r .  



, causes  two problems: f o r  equ iva l en t  vo l t ages  t h e  power d i s s i p a t i o n  i n  

R and R i s  g r e a t l y  increased ,  and due t o  con tac t  r e s i s t a n c e  problems, 
X S 

poten t iometers  accu ra t e  t c  0.4 pR ( a s  r equ i r ed  by Has t e l loy  F specimens) 

I would be  very  bulky and expensive. Induc t ive  phase s h i f t  compensation 

has  been employed i n  platinum r e s i s t a n c e  thermometers (25 ohms a t  25 OC) 

a s  shown i n  F igure  15(b)  .25 An automatic  quadra ture  d e t e c t o r  can  b e  

added t o  PSD's a s  p i c tu red  i n  F igure  16.  Eowever, alignment of t h e  

compensator is  c r i t i c a l .  4 1 

Despi te  t h e  seve re  phase problem, PSD's have e x c e l l e n t  n o i s e  

r e j e c t i o n  p r o p e r t i e s .  I f  t h e  n o i s e  component of t h e  e r r o r  s i g n a l  is 

n ( t )  , then  the output  of t h e  PSD is  

'eVd 
v ( t )  = - 2 (cos(Oe - €Id) - cos(2w t + 9 + €Id)) 

psd o e 

Hence, a PSD a c t s  a s  a DSBSC (double s ideband,  suppressed c a r r i e r )  Mi 

modulator i n  which the  modulating s i g n a l  is  v ( t )  + n ( t ) .  Therefore ,  t h e  
e 

n o i s e  power s p e c t r a l  d e n s i t y  (N (w)) i s  t r a n s l a t e d  i n  frequency space  by 

+w . i . e . ,  t h e  modulated no i se  power spec t r a l .  d e n s i t y  is  
0 ' 

The imp l i ca t ion  of t h i s  i s  t h a t  t h e  n o i s e  can  be  suppressed i f  a band- 

pass  f i l t e r  cen tered  about w w i th  a bandwidth, l e s s  than  h a l f  t h a t  of 
0 

t h e  l n w  pans filter i s  amplopod t o  f i l t e r  v e ( t )  as i 1 l u s ~ ~ a L t . d  111 

Figure  14 on page 64. 
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SYMMETRIC BRIDGE DRIVE QUADRATURE FEEDBACK 

Figure 16. A 'phase-sensitive detecto= with quadrature detection. 

Source: C .  G. Kirby,  h he Use of  Operational Aniplifiers to Generate 
Precise Current Patios for Platinum Resistsnce Themoaetry," in Temperature, 
1ts '  Measurement and Control in  Science axid Industry, ed .  H .  H .  Flumb 
(Pittsburg: Instrument Society of h e r i c a ,  1972), p. 1518. 
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Another approach used t o  suppress  n o i s e  i n  PSD's is  t o  i n t e g r a t e  

r a t h e r  than  f i l t e r  v  ( t ) .  This technique makes use  of t h e  or thogonal  
psd 

p r o p e r t i e s  of s inuso ids ;  t h a t  is  t o  say,  frequency. components of v ( t )  
e  

w i l l  y i e l d  s t a t i o n a r y  ou tpu t s  i f  they  a r e  equal  t o  those  of v d ( t ) .  Thus, 

t h e  ou tpu t  of a PSD is given by 

theref  o re ,  

Thus, n o i s e  r e j e c t i o n  i s  e x c e l l e n t  i f  t h e  averaging time i s  much longer  

than  t h e  period of waveform. A p o t e n t i a l  problem w i t h  PSD's is t h a t  

d i s t o r t i o n  i n  V o r  d i s t o r t i o n  due t o  t h e  p r a c t i c a l  m u l t i p l i e r s  can 
g 

cause a PSD t o  lock  onto  harmonics of t h e  waveform. Hence, f i l t e r i n g  

i s  normally empldyed t o  i n s u r e  t h a t  t h e  n o i s e  components a t  t h e  harmonics 

40,41,42 are much less than t h e  fundamental s i g n a l ,  

Another fundamental l i m i t a t i o n  of PSD's is t h e  accuracy of t h e '  

m u l t i p l i e r s .  C i r c u i t s  employed i n  n u l t i p l i e r s  and t h e i r  l i m i t a t i o n s  are 

d iscussed  i n  Reference 43. Typica l  . . four-quadrant m u l t i p l i e r s  have low 
. . 



frequency e r r o r s  of about 1% f u l l  s c a l e  including feedthrough and 

n o n l i n e a r i t y ,  al though a n  order  of magnitude b e t t e r  accuracy can be 

obta ined wi th  m u l t i p l i e r s  opera t ing  cn the  pulse modu.lmtion p r inc ip le .  

Unfortunately,  vec to r  e r r o r s  t y p i c a l l y  reach 0.5O f o r  f requencies  above 

a few k i l o h e r t z ,  and pulse  type n u l t i p l i e r s  have much poorer p e r f o m n c e .  

Moreover, m u l t i p l i e r s  a r e  genera l ly  very noisy devices:  t y p i c a l  no i se  

l e v e l  is approximately 500 IJV with  state-of- the-art  devices achieving 

50 WV r m s  no i se  over a noise  bandwidth of 5 Hz t o  10 KEiz. Thus, f o r  

1 KHz opera t ion  t h e  e r r o r  s i g n a l  must b e  g r e a t l y  amplif ied,  and phase 

e r r o r s  i n  t h e  b r idge  n u s t  be minimized t o  nake the performance uf PSD's 

acceptable .  To ensure a l a r g e  input  s i g n a l  t o  t h e  m u l t i p l i e r ,  an AGC 

ampl i f i e r  is  normally placed ahead of t h e  m u l t i p l i e r  a s  p ic tured  i n  

Figures 15  and 16 on pages 66 and 68, respecr ive ly .  However, t h i s  

n e c e s s i t a t e s  t h e  use  of a t r ack ing  expander following t h e  PSD t o  ensure 

s t a b i l i t y  of the  c o n t r o l  system. Expanders and AGC ampl i f i e r s  a r e  

discussed i n  g r e a t  d e t a i l  by Duncan e t  a l .  22 ,23  

Phase-Insensi t ive Detector  

A thorough l i t e r a t u r e  search revealed t h a t  PSD1s.were always 

employed t o  d e t e c t  Ve i n  AC r e s i s t a n c e  br idges .  However, a technique 

f o r  measuring V t h a t  i s  independent of phase s h i f t  introduced by e 

s t r a y  reac tances  i n  the  br idge ,  would be h ighly  des i rab le .  A sum o r  

d i f f e r e n c e  of two AC s i g n a l s  independent of t h e i r  phase o r  frequency 

is  accomplished by f i r s t  convert ing them t o  equivalent  DC s i g n a l s  before  

a d d i t i o n  o r  s ~ b t r a c t i o n . ~ ~  Hence, ins t ead  of d e t e c t i n g  V d i r e c t l y ,  V e R 

and V a r e  de tec ted  separa te ly  and a r e  each converted t o  a DC s i g n a l  by s 

e i t h e r  average-magnitude, peak o r  MIS d e t e c t i o n a s  i l l u s t r a t e d  i n  Figure17.  
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(a) Phase- insens i t ive  b r idge  d e t e c t o r .  

(b) Peak d e t e c t o r .  

(c) l?..MS d e t e c t o r .  

(d) Average magnitude d e t e c t o r .  

F igure  1 7 .  Three types of d e t e c t o r s  f o r  use  i n  a phase - in sens i t i ve  
b r idge  d e t e c t o r .  

Source [ p a r t s  (b), ( c ) ,  and (d) ] :  M. G. Duncan, D. Rosenberg, and 
G. W. Hoffman, "Design C r i t e r i a  of a Universa l  Conpandor f o r  t h e  
El imina t ion  of Audible Noise i n  Tape, Disc,  and Broadcast Systems, It 
Jour .  Aud. En& Soc., Vol. 23, p, 614, Oct. 1975. ---- --- 



The importance of phase i n s e n s i t i v i t y  i s  i l l u s t r a t e d  by e f f e c t s  of 

c a b l e  and d e t e c t o r  i n p u t  capac i tance  on t h e  b r idge  enployed i n  t h e  ORNL 

experiment.  I n  F igu re  18, t h e  four  30 m cab le s  connect ing nodes 1 through 

4 t o  1' through 4 ' ,  r e s p e c t i v e l y ,  a r e  mcdeled a s  152 r e s i s t o r s  shunted t o  

ground by c a p a c i t o r s .  The capac i t ances  shown i n . F i g u r e  1 8  a r e  based on 

a c a b l e  capac i t ance  of 66 pf/m and a n p l i f i e r  i npu t  capac i tances  of  20 pf .  

I n  Appendix B, equa t ions  were de r ived  f o r  Vs, VR' and V i n  terms of V 
A cm 

and V . Taking component v a l u e s  a s  shown i n  F igure  18  w i t h  t h e  frequency 
g 

of Vd and Vcn of 1 KHz, Vs, VR and V a r e  g iven  as fo l lows:  A 

vs = Vcn(0.999990086 - 13.15572 x 

- V (0.166663734 - j7.00242 x , 

and 

VA = ~ ~ ~ ( 0 . 9 9 9 9 9 9 9 9 9  - j1.2902 x lom5 

S ince  t h e  v a l u e s  of R and R where determined from Equat ions (65) and 
A a 

(66) on page 54, t h e  b r i d g e  w i l l  be  per f  e. ' - 7  balanced a t  DC. Hence, 

any e r r o r s  a r e  due t o  r eac t ances  i n  the br idge .  For t h e  phase-sens i t ive  

d e t e c t o r ,  V is  given by 
e 



Figure 18 .  Kelvin bridge circuit used to calculate the error .due 
to stray capacitar~ces . 



whi le  f o r  a phase- insens i t ive  d e t e c t o r ,  t h e  e r r o r  vo l t age  is 

S p e c i f i c  va lues  f o r  V 
g ' 

Vd, and V may be  used t o  c l a r i f y  t h e  
cm 

d i f f e r e n c e  i n  performance between PSD's and PID1s. For example, i f  

'ern = 0,  Vd = 2, and 0 = 0,  then  t h e . f i l t e r e d  output  of t h e  PSD a s  given 
g 

by Equation (80) on page 63 is  

V = - V  1 . 7 4 2 9 5 ~ 1 0 ' ~ c o s  8 9 . 5 8 4 7 ° = - 1 . 2 6 3 x 1 0 - 6 V  , 
psd 6 

w h i l e  V i s  given by Equation (91) as 
P i d  

The apparent  d e v i a t i o n  of  R from s e t  po in t  (Rx,) is  given by Equations 
X 

(62), (65), and (66) on page 54 as 



Thus, t h e  e r r o r  i n  R is  -6.064. and-7.622ppm f o r  PSD and PIE, 
X 

r e s p e c t i v e l y .  For R t o  b e  accu ra t e  t o  7.622 pFm, 8 must b e  between x d 

-C .9373' and 0.1067'. However, r e s u l t s  a r e  dependent on, Vcm. For 

i n s t ance ,  

V = +V 3.48583 IS cos (89 .5761°) = +2.575 x V 
psd g g 

and 

f o r  vcm = B 12, wh i l e  f o r  Vcn = -v 12 
g g 

V 
psd 

= -V 6.37172 x cos 89.5804" = -5.106 x V 
g g 

To make t h e  accurzcy of R a s  measured by a PSI3 equal  t o  t h a t  measured by 
X 

a PID, ed must l i e  between -0.6306' and -0.2000' f o r  V = V 12 and 
cm g 

--?.2608' and 0.4216'. While t h i s  phase accuracy is  no t  i m p ~ s s i b l e  t o  

ob ta in ,  t h e  c a l i b r a t i o n  of B d  is  somewhat complex. However, c a l i b r a t i o n  

of ~ l b ' s  i s  very  s imple.  

The fundamenta1,calibrations f o r  PID's a r e  ga in  matching between 

t h e  two P-CIDC conve r t e r s  and DC o f f s e t .  C a l i b r a t i o n  i s  r e a d i l y  

accomplished i n  s i t u  by throwing swi tch  S i n  Figure 1 2  on page 56, t o  3' 

p o s i t i o n  c a l .  This  f o r c e s  Ve t o  b e  zero;  hence, V should a l s o  b e  
e r r o r  

zero when t h e  PID is p e r f e c t l y  c a l i b r a t e d .  Hence, ga in  matching is  e a s i l y  

obta ined  by a d j u s t i n g  f o r  zero Verror w i t h  a l a r g e  V wh i l e  DC o f f s e t  is  
g ' 

e a s i l y  a d j u s t e d  by s e t t i n g  Verror t o  zero  w i t h  a zero  o r  sma l l  V . 
g 



However, s i n c e  PID gains must be matched, l i n e a r i t y  of the  AC t o  DC 

conver ters  is  of the  utmost inportance.  The e f f e c t  of ga in  mismatching 

is i l l u s t r a t e d  by t h e  following equation: 

o r  i f  t h e  b r idge  is  balanced, 

- AGS v - I v s  - - 
e r r o r  Gs 

- 
R A + % + r  + r g 3  

s A 

AG 100% (Gs - GR) 100% s where - - 
G G = the  percent  mismatch i n  ga in  and i n  ncn- 

8 S 

l i n e a r i t y  between t h e  two de tec to r s .  Since the  apparent V is V 
e e r r o r l G s  9 

t h e  apparent  AR /R  a s  given by Equation (92) is 
X X 

I f  R /R l ies  between 0.1 and 1.574 (as  i n  the  Oak Ridge experiment) 
X' 6 

and r /R i s  0.1, then t h e  s e n s i t i v i t y  of A R ~ / R ~  t o  A G S / ~ S  ranges from 
Y S  

1.2 t o  2.674. Thus, f o r  R c o n t r o l  accuracy of 10 ppm, t h e  two de tec to r  
X 

gains  must t r a c k  each o the r  t o  wi th in  5 ppm f o r  the  duration-.of a test. 

Note, however, t h a t  a magnitude of AG /G s u b s t a n t i a l l y  , l .Ager than 
s S 

/,' 

5 ppm can b e  allowed s i n c e  the  temperature set gcint'need only be known 

t o  an accuracy of about a degree f o r  adequate r e p e a t a b i l i t y  a s  discussed 

i n  Chapter 11. AC- / G .  need ,o~ l ly  remain constant  t o  wi th in  5 ppm during 
S s 

t h e  test. For example, f o r  a 316 s t a i n l e s s  s t e e l  specimen at  700 OC 

wi th  Rx = Rs, a cons tant  gain o f f s e t  of ,123 ppm w i l l  cause t h e  ' con t ro l  

system t o  maintain an  average specimen r e s i s t a n c e  t h a t  d i f f e r s  from the  



desired.  s e t  po in t  by 258 ppm; i . e . ,  t h e  sample t enpe ra tu re  w i l l  be  o f f  

s e t  p o i n t  by a s t a t i o n a r y  1 O C .  Eut i f  t h e  g a i n  o f f s e t  d r i f t s  5 pprc, 

then  t h e  sample temperature w i l l  d r i f t  by 0.04 O C .  The l i m i t a t i o n s  of 

AG /G w i l l  be  d iscussed  i n  Chapters I V  and V. s S 

The type  of d e t e c t o r  i n f luences  t h e  n o i s e  r e j e c t i o n  p r o p e r t i e s  of 

t h e  PID. The peak d e t e c t o r  nay b e  analyzed as a n  envelope demodulator. 

Narrow-band n o i s e  can be  represented  by t h e  fo l lowing  express ion:  

I f  t h e  s i g n a l  ( s ( t ) )  i s  represented  by A( t )  cosw t ,  then  t h e  s i g n a l  p l u s  
1 

n o i s e  is g iven  by 

where 

- 1 -ns ( t )  and 8 = t an  
( ~ ( t )  + n c ( t )  ) 

Since  An(t) is  t h e  envelope of t h e  no i sy  

s i g n a l ,  t h e  noisy  output  of the FIB w i l l  b e  

where A( t )  = As ( t )  = q i ( t ) ,  and t h e  s and R s u f f i x e s  i n d i c a t e  conponents 

of V . a n d  V r e s p e c t i v e l y .  Using t h e  f i r s t  two terms of t h e  ~ a c l a u r i n  s R 

s e r i e s  expansion f o r  ( 1  + x)l/ ' ,  Equation (97) may b e  r e w r i t t e n  a s  



v (t) " 
pidp 

Equation (98) is valid if the noise voltages are much less than the 

signal voltages. Assuming that n = ns - %, e 

2 2 
n (t)no(t) + nsR(t)nse(t) + nce(t) + nse(t) 

V (t) = n (t) + cR 
pidp c e A(t) 

(99) 

Since the noise voltages are much smaller than ~ ( t ) ,  

- - 
2 2 2 Since ne(t) = n2 (t) + n (t) = 2nce(t) for random noise, 

c e se 

that is, the signal-to-noise improvement is 3 dB for random noise. 

The noise rejection properties of PID's employing rms detection is 

easily analyzed. By definition, the rms sum of signal and noise is 

if signal and noise are uncorrelated. Therefore, the output of the rms 

PID is 

Again assuming large signal-to-noise ratios, the first two terms of the 

Maclaurin series expansion for (1 + x)'I2 can be used to approximate 



where N and N a r e  t h e  r m s  va lues  of n s ( t )  and n R ( t ) ,  r e s p e c t i v e l y .  s R 

Assuming t h a t  Ne = Ns - NR, t h e  n o i s e  output  of t h e  r m s  PID i s  

Hence, f o r  a rms PID, t h e  s i g n a l  t o  n o i s e  improvement depends on t h e  

connnon mode no i se .  S ince  N R w i l l  normally b e  much l e s s  than  S, t h e  

n o i s e  improvement can be  s u b s t a n t i a l .  

Analysis  of n o i s e  performance of a PID employing average magnitude 

d e t e c t i o n  i s  somewhat involved. Fo r tuna te ly ,  a n a l y s i s  becomes manageable 

i f  t h e  narrow-band assumption is  made; i . e . ,  n o i s e  is  g iven  by Equation 

(95) and A( t )  is s lcwly  vary ing  wi th  r e s p e c t  t o  cosw t .  Assuming a  l a r g e  
1 

signal- to-noise r a t i o ,  An(t) a s  given i n  Equation (96) reduces t o  

A( t )  + n c ( t ) ,  whi le  8 can be  approxinated by n s ( t ) / A ( t ) .  Therefore,  t h e  

full-wave r e c t i f i e d  s i g n a l  p l u s  noise is  

The average magnitude of s i g n a l  p l u s  n o i s e  is 



Hence, t h e  output  n o i s e  of an average-ma.gnitude PID is  

Vpida = 2nce(t) /n . (108) 

Since  t h e  s i g n a l  is  a l s o  mul t ip l i ed  by 2/n, the  SIN of t h e  average- 

magnitude d e t e c t o r  is  e s s e n t i a l l y  the  sane a s  the  S/N of a peak 

d e t e c t o r .  S/N would of course be the  same f o r  a half-wave de tec to r  

s i n c e  both s i g n a l  and no i se  would be  h a l f  t h a t  f o r  a full-wave r e c t i f i e r .  

The type of d e t e c t o r  a f f e c t s  both accuracy and t r a n s i e n t  response of 

PID's. Root-mean-square conver ters  a r e  p r i n c i p a l l y  two types: computing 

and thermal. Computing r m s  d e t e c t o r s  opera te  by c a l c u l a t i n g  t h e  r m s  

va lue  d i r e c t l y :  analog m u l t i p l i e r s  a r e  employed t o  square the  s i g n a l  

which is  then passed through an  averaging low-pass f i l t e r ,  then the  

square  r o o t  is  taken t o  y i e l d  the  rnis value.  Computing d e t e c t o r s  a r e  

genera l ly  l i m i t e d  t o  accuracies  g r e a t e r  than 0.1%. 43 Duncan e t  a l .  have 

shown t h a t  r i p p l e  a t t e n u a t i o n  c h a r a c t e r i s t i c s  of the  law-pass f i l t e r  can 

subs t a n t i a l l y  a f  f e c t  t h e  accuracy. *' Although the  r i p p l e  component dues 

n o t  a f f e c t  t h e  accuracy of mean square s i g n a l ,  t h e  square r o o t  opera t ion  

causes the  r i p p l e  t o  have a DC component. Hence, f u r t h e r  f i l t e r i n g  of 

t h e  r i p p l e  a f t e r  t h e  rms de tec to r  cannot e i iminate  r i p p l e  e r r o r .  Tliemal 

conver ters ,  on the  o t h e r  hand, achieving accuracies  of 0.001 ppn from 

40 Hz t o  10 KHz inc reas ing  t o  100 ppm a t  10  MHz have been reported.  4 4 

Unfortunately,  thermal conver ters  a r e  slow: r i s e  times a r e  g r e a t e r  than 

100 msec and f a l l  times a r e  g r e a t e r  than 300 m ~ e c . ~ ~  I n c i d e n t a l l y ,  a l l  

45,46 Thermal rms d e t e c t o r s  have slower f a l l  t i m e s  than rise t i m e s .  

detect0r .s  sense  t h e  temperature of a r e s i s t o r  t h a t  i s  ohmically heated 

by rhe s i g n a l .  



Theoretically.,  peak and average detectors  can y ie ld  accurate  

r e s u l t s  i f  the  waveform i s  known. While rms detectors  a r e  i c s ens i t i ve  

t o  the  phase of harmonics, average and peak detectors  a r e  s ens i t i ve ,  

peak detectors  being more s ens i t i ve  t o  phase than average de tec to rs .  

I f  the  nth - harmonic is  i n  phase with the  fundamental ( t h a t  is ,  the  

fundamental's zero points  coincide with zero points  of the  harmonic) 

and the  amplitude of the  harmonic i s  l e s s  than l / n  times the  fundarnen- 

t a l ' s  amplitude, then the  output of the average de tec to r  i s  

IT 

= A 1 ( s i n  6 2 B s i n  n0)d0 , I B I  < l / n  
'a .rr 

0 

I f  e i t h e r  of the above assumptions i s  not va l i d ,  then computation of V 
a 

' 2 ~  B 

becomes very complex s ince  the zero points  of the  composite waveform 

must be known. However, Equation (109) gives a good est imate of the  Va 

f o r  very small  B: The range of VR f o r  various harmonics i s  given i n  

- - 

Reference 47. By inspection,  the range of a peak detector  output is 

- 1 2 ) , n i s  odd 
IT 

2A - , n is  even . 

V = A(l + B ) ,  I B I  << 1 . 
P 

(110 

Maximum and minimum values of V occur when the maximum values cf the 
P 

fundamental occur simultaneously with t h a t  of the  harmonic. However, 

\T I  

the output of the  rms detector  is 



Thi s  i n d i c a t e s  i f  s e v e r e  phase s h i f t  occurs  dur ing  a test, t h e  e r r o r  

v o l t a g e  could  d r i f t  by +AB/n, fAB, +O f o r  average,  peak, and m.s PID's,  

r e s p e c t i v e l y .  However, phase s h i f t  d r i f t s  i n  t h e  b r i d g e  a r e  very  small .  

The p r i n c i p a l  phase s h i f t  d r i f t s  would b e  expected t o  come from t h e  

bandpass f i l t e r s  employed t o  suppress  n o i s e  and harmonics. These phase 

s h i f t  d r i f t s  should b e  due p r i m a r i l y  t o  d r i f t s  i n  t h e  c e n t e r  frequency 

of t h e  f i l t e r .  For i n s t a n c e ,  i f  a  second o rde r  bandpass f i l t e r  i s  

employed, t h e  t r a n s f e r  f u n c t i o n  i s  

The s e n s i t i v i t y  of H( j  ) t o  T is 

From Equation (112),  t h e  normalized a t t e n u a t i o n  of t h e  second and t h i r d  

harmonics is  -14.65 and -19.55 dB,  r e s p e c t i v e l y ,  where Q = 3.54, a n d ' t h e  

- 1 fundamental (wl) is  W, = T . But t h e  s e n s i t i v i t y  a t  t h e  f i r s t ,  second 

and t h i r d  harmonics i s  0, -1.610, and 
T 236, r e s p e c t i v e l y .  Hence, T T 

s t a b i l i t y  is n o t  v e r y  c r i t i c a l .  I n  f a c t ,  a change i n  T of 250 ppm w i l l  

cause  a  change i n  I ~ ( j o  ) I of only  -6.27 ppm. S ince  t h e  r a t e  of phase 1 

change w i t h  r e s p e c t  t o  T change i s  



t h e  phase change r a t e  f o r  f i r s t ,  second, and thixd harmonics is 

-405.65' -17.37" 
T ,.,and T respeqt ively ,  I f  T ipcreases  1.7 ppm, 

the  s h i f t  i n  phage of second and t h i r d  harmonics with Tespect t o  the  

fundamental would be -0.00066" and -0.00068". Such s q l l  changes . i n  . , . . 

phase a r e  i n ~ o n s e q u e n t i a l  compared t o  Fhg ampli,tude changes. Becauee 

of the  lower s e n s i t i v i t y  of harmoniqs t o  changes i n  T end the low phase 

s h i f t  s e n s i t i v i t y ,  harmonic d i s t o r t i o n  does not  sybs tan t iqJ ly  a f f e c t  

the  accuracy of t h e  PID regardless  of t h e  type detec toy,  

I n  conclusion, PID's a r e  v i a b l e  q l t e q a t i v e s  t o  PSD's f o r  use a s  

br idge  detec tors .  PID's achieve phase i n s e n s i t i v i t y  i n  exchange f o r  

gain  s e n s i t i v i t y ,  Both types of d e t e c t o r s  require  fil.tel;$ng of tho 

br idge  s i g n a l s  t o  reduce the  e f f e c t s  of noise  and d i s t o r t i o n  on 

performance. A rms de tec to r  is  the  b e s t  camd$daqe For yse a s  a PID i f  

fast response is  not  Important. This i s  beqqvse of Its super io r  noise 

r e j e c t i o n  proper t ies ,  waveform insens iq iv i ty ,  and accuracy. Where f a s t  

response is  des i rab le ,  an  average de tec to r  should be used. 

Accuracy l i m i t a t i o n s  of p rac t i caJ  r e c t i f i e r  c i r c u i t s  w i l l  b e  

analyzed next .  Root-mean~sqyare de tec to r s  a r e  discussed i n  

References 44, 45, 46, and 48. 



. . . . .  . PERFORMANCE .OF PRACTICAL RECTIFIER CIRCUITS . . . . .  . ., . . \ .  . , . . 

- . .  
f ' . . 

I. RECTIFIER CIRCUITS 
. . . . .  . . . . . . .  . . . . . . :.:, . , 

.Physical  Diode,. Models . . . . .  . . . . . .  
. .  . . .  .' . ? , .  . . 

. , . . . . .  ,The i d e a l  . . . .  dipde. would have. c h a r a c t e r i s t i c s  a s  shown i n  Figure 19.(a). . . . .  , . .  . . .. .! ) ,  . . # .  . 

.Such a diode would.make a p e r f e c t . r e c t l f i e r .  . , UnforcunaiuPy, practical 
' 8 1  . . . .  

diodes haye c h a r a c t e r i s t i c s  ,als .pictured i n  Figure . l 9 ( c ) .  The PIi . 
2 . . . . 

j unc t ion ,  d iode  c h a r a c t e r i s t i c  can . . . .  ,be approximated .by . . . .  . ,  . -. -. . . r . . .  - . . . .  . .  i. . . . .  . . . . 

: .' . 8 : * , :, .. - . . . . . . .  'ID + ls ( ixP(d  v D / ,  k f j - i)- , , . : c i i s )  
- ,  . . . , . . .  . . . . . .  , .  . L .  

- .. ,. . . 
' % .  . . .  

where .1  and I a r e  t h e  diode cur ren t  and r,everse s a t u r a t i o n  cur ren t ,  . . . . . . . .  D ..s . . .  - . . . .  .. . . . . .  . . .  ., . 

r e s p e c t ; i v e l y , V E , i s  . . . . . .  . . .  t h e  vol tage  ac ross  t h e  d'iode, k is  Eoltzman's con- 
( 8 .  . .  . ,  . . . . .  . . 

, s t a n t ,  T is ,the abso lu te  temperature of the YN juricrfan, q is  t h e  
' .  . . . . . ... 

magnitude of t h e  charge ,of  . . .  an  . e lec t ron , , and  . . . m i s  an. e y p t r i c a l  factor 
* .  . ', . .  . . 

ranging between 1 an.d 2, , 
- .  

43y49 . . A6 Figpr,g 20(b) i l l u s t . r a t e s ,  m = 1 for 
. . 

moderate c u r r e n t s  where I is-dominated by d i f f u s i o n  Furrent ,  but .m = 2 . . . . .  D .  , . 

a t  very low and very high c u r r e n t s  due t o  recombination cur ren t  and 

high i n j e c t i o n  e f f e c t s  .49 For an in t roduc t ion  t o  semiconductor theory, 

t h e  book by P ie rce  and Paclus is hfghly recommended. 5 0 

Bipolar  t r ano io to ro  s m  also  be employed as rectif iers.  The 

c o l l e c t o r  cu r ren t  of a  t r a n s i s t o r  can be approximated by 

where I and ICBO a r e  the  emitter and c o l l e c t o r  r eve r se  cu r ren t ,  
S 



(a) . . I d e a l  d i o d e .  

(b.) Third order p i e c e - w i s e  l i n e a r  d iode  model. .. 

0 

-s S c a l e  Change VD 

( c )  Real d iode .  

Figure 19.  Diode models.  



(a) Reverse current at V = 1 V as a function of temperature. Dots R designate primarily generation-current type, circles designate 
primarily diffusion-current type current-voltage ch racteristics. 
Dashed lines represent temperature dependence of n I; solid 
1 Ines that of n i 

i ' 

100 p a  

Figure 20. Current-voltage characteristics of practical diodes and 
transistors. 

10ita- 

Source: A. S. Grove, Physics and Techno19 of Semiconductor 
Devices (New York: John Wiley and Sons, Inc. , 1967), pp. 179, 190, and 
221. 

I I I 
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Comparison of the forward current-voltage characterist ics of 
the germanium, s i l i c o n ,  and g a l l i u  enide dio e s  " 7 % ~  Dashed l i n e s  indicate slopes of en 'F and eq 7, F 1 95k?5'C* 
dependences. 

Figure 20 (continued) 



VE, (v) 

( c )  Collector and base currents as a function of enitter-base 
forward b i a s  for the pnp transistor. (VCB = 0) 

Figure 20 (continued) 



r e s p e c t i v e l y ,  VBE is t h e  base-emit ter  vo l t age ,  and a is  t h e  comon-base 
. .  . 

s h o r t - c i r c u i t  c u r r e n t  ga in .  
4 9 , 5 0 , h  

. . .  

I t  is evident  t h a t  n e i t h e r  d iodes  nor t r a n s i s t o r s  have s u f f i c i e n t  

accuracy a s  r e c t i f i e r s  f o r  use  a s  b r i d g e  d e t e c t o r s  i n  t h i s  experiment 
. . .. . . 

i f  they a r e  d r iven  by v o l t a g e  s o u r c e . ~  . ~ o w e k e r  , i f  they  are d r iven  by 

c u r r e n t  sources  as shown i n  F igure  21(a) accuracy i s  d rama t i ca l ly  

improved. I n  t h i s  case ,  t h e  diode c u r r e n t  is  r e a d i l y  c a l c u l a t e d  i f  

- patched d iodes  a r e  assumed; i . e . ,  = Isl - Id and 

where 

and 

. . . . .  . 

v ~ l  
is obta ined  from Equation '117) a s  ' ' ' ' 

. . -1 S = VT s i n h  (1111/2 I s )  . .p 1 
.. Y 

. .. 

2 
Using t h e  i d e n t i t y  sinh-'x = I n ( %  + (x  + 1)  'I2) ob ta ined  from 

Reference 52, Equations.;'(l20) and (118) y i e l d  

The average v a l u e o ?  . ID1.canibecorrputed,,assuming ., . t h a t  , ,  . I i n  is  I 2 8 c o s w t  s 

a s  fol lows:  

. -. - 
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Figure 21. Precision rectifier circuits. 

3 

'in ' w " '  
'02 

Re  b e  - D, 

wvR2 * a, - b 
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CURRENT 
MIRROR -40 

- vcc 

Figure 21 (continued) 



- 1 
2n Is 2n - l)dE I = ID1 d8 = I (B cos 8 + ( 1  + E cos 8) 
0 0 

where 8 = w t ,  E(m) i s  t h e  complete e l l i p t i c  i n t e g r a l  of t h e  second 

2 2 . .  kind,  and m = B / ( 1  -t. B ) . Because n is  very c lose  ' t o  1 f o r  reasonable 

e i g n a l  l e v e l e ,  i t  is  convenient t o  de f ine  a new var iab le  

m l = l - m =  (B2 + l ) - l .  From t h e  FFS math t ab les ,52  E(m) can be  

w r i t t e n  a s  follows: 

4 
E(m) = 1 + 1 . (an nln - n 

bn ml ln(ml)) + c. (m) , (1.23) 
n-1 

where lr(m) 1 5 2 x f o r  0 2 m 5 1 with l i m  ~ ( m )  = 0. Neglecting 
m+ 1 

terms where n > l ,  ~ ( m )  becomes 

where a and bl a r e  0.44325 and 0.24998, respect ively .  Using the  f i r s t  1 

two terms of the  ELaclaurin s e r i e s  expansion f o r  (1 + x ) l l 2 ,  t h e  

average diode cur ren t  i s  approximately 

2 a + b 2 1 n ( 1 + B )  1 1 
U  ID^ TI ( 1  + B2) 

(125) 
al + bl I n  u 

Since l i m  ( 1 
u ) = l i m  (-) by 1 'Hospi ta l ' s  r u l e ,  t h e  percent  

u- u 
r-tca 



e r r o r  of I r e f  e r r e d  t o  the i d e a l  half-wave r e c t i f i e r  ou tpu t  (I 2 I B I /IT) D l  s 

may b e  given by 

,.. - Pdc, f o r  ve ry  l a r g e  E, 

where 

Note t h a t  P amounts t o  an e r r o r  due t o  a DC o f f s e t ,  wh i l e  P is a 
dc  n l  

nonl inear  e r r o r .  S ince  Pdc may b e . c a n c e l l e d  w i t h  a DC o f f s e t  adjustment, 

4 
only Pnl is  important .  For a  very  sma l l  s i g n a l  l e v e l  of B = 10 , Pnl 

is only  6.7 x  Therefore,  t h e  t h e o r e t i c a l  l i m i t  t o  accuracy of 

r e c t i f i c a t i o n  v i a  PN j unc t ion  diodes is  very  low, indeed.  . 

Unfortunately,  t h i s  l i m i t  is u n a t t a i n a b l e  s i n c e  i d e a l  c u r r e n t  

sonrces  cannot be  b u i l t  and s t ra;  capac i tances  were neg lec t ed  i n  t h e  

c a l c u l a t i o n .  The performance of p r a c t i c a l  p r e c i s i o n  r e c t i f i e r s  w i l l  

be  examined nex t .  

. * 

B r z c t i c a l  P r e c i s i o n  R e c t i f i e r  Circuits 

I n  t he  previous s e c t i o n ,  i t  w a s  shown t h a t  d r i v i n g  d iodes  o r  

t r a n s i s t o r s  wi th  a c u r r e n t  source  r e s u l t s  i n  a  p r e c i s i o n  r e c t i f i e r .  

One method.of achieving  c u r r e n t  d r i v e  is  t o  p l a c e  t h e  d iodes  o r  



t r a n s i s t o r s  i n  t h e  negative feedback loop of an opamp a s  i l l u s t r a t e d  

i n  Figures 21(b) and 21(c) on page 90. To i l l u s t r a t e  how t h i s  achieves 

c u r r e n t  d r ive ,  consider the  c i r c u i t  shown i n  Figure 22(a). Here, the  

r e c t i f y i n g  PN junct ions  (diodes D l  and D2 br t h e  base-emitter junctions 

of t r a n s i s t o r s  Q 1  and 42) and t h e i r  s e r i e s  r e s i s t o r s  (R and R2) a r e  1 

represented by an  equivalent  nonlinear feedback impedance (ZF). Using 

t h e  equivalent  c i r c u i t  shown i n  Pigure 22(b), t h e  loop equations a r e  

where 'ineq 
= Zin 1 1 Z3 and Z = ZL I I Zo. Solving t h e  loop equations 

l e q  

f o r  I f ,  one ob ta ins  t h e  fol lowing expression: 

- 
- 'ine + Aol 'leqfZo) 'in 

Tf - 'leq +q2f + 'inel (1 + aos z ~ ~ ~ / z J  

Note t h a t  Equation (130) is ' tha t  of cu r ren t  d iv i s ion  between two 

impedances as shown i n  Figure 22(c). This ind ica tes  t h a t  the  e f f e c t i v e  

impedance of the  source (Z: ) i s  Z 
i n  ineq (1  + Aol Zleq/Zo). Since 

ZL >> Z and Zin >> Z3, Equation (130) s i m p l i f i e s  t o  
0 

where Z" = Z3 (1 + Aol). Hence, by making the  opamp gain (A ) very 
i n  01 

l a r g e ,  'in is  a l s o  made very l a rge .  For ins tance ,  i f  Zin = 2KQ and 

Aol is  1000, Z i n  bccumes 2Mn. Therefore a s  Aol increases ,  the  accuracy 



OR'NL- DWG 76- 19125 

Figure 22. Equivalent circuits of a shunt feedback rectifier. 



of t h e  r e c t i f i e r  increases .  Factors t h a t  cause add i t iona l  e r r o r s  and 

e r r o r  ana lys i s  w i l l  be  presented next. 

11. ERROR ANALYSIS OF PRECISION RECTIFIER CIRCUITS 

Approximate Piecewise-Linear Analysis 

A s u b s t a n t i a l  s i m p l i f i c a t i o n  i n  t h e  ana lys i s  of a precis ion 

r e c t i f i e r  c i r c u i t  can be made by employing piecewise-linear, third-order 

o r  second-order diode models a s  shown i n  Figure 19(b) on page 85. The 

second-order model ( i . e . ,  Rr+-) has been employed by Thonason t o  

analyze a p rec i s ion  r e c t i f i e r .  53 However, the  more general  approach of 

a third-order diode w i l l  be u t i l i z e d  here .  Equivalent c i r c u i t s  of a 

genera l  piecewise-l inear r e c t i f i e r  is  shown i n  Figure 23(a). Further- 

more, l e t  Aol be  independent of frequency. Then t h e  node equations of 

t h e  c i r c u i t s  ere 

where. 

and 

where = Rfl and RD2 = Rf,2 i f  ID1 and ID2 a r e  g rea te r  than zero, 

r e spec t ive ly ;  otherwise and RD2 a r e  equal t o  Rrl and Rr2, 
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(a) Equivalent circuits of piecewise-linear rect i f ier  .circuit where - 
R f l  = Rf2' R - R ,  and Dl* and D 2 #  are ideal diodes. 

Figure 23. Circuits used for piecewise-linear analysis of rect i f ier .  
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STATE 3 0 ~\ \ \ \y  

(b) Input voltage showing the various states of the circuit.  

Figure 23 (conf inued) 



respect ively .  Solving Equations (132) and (133) f o r  ID1 and IDZ, ope 

obta ins  

and 
'in r--v < + 1 
r3 . F R~ I+ R~ ( A ~ ;  + i) 11% 

(R2 +' S 2 )  ' . s  

(135) 
ID2 

where % = (R1 + I I (R2 + RD2) I I (R3(a l  + 1 ) ) .  There a r e  t h r e e  

s t a t e s  i n  the  c i r c u i t :  (1) D l  on and D2 o f f ,  (2) ?J off  i+nd D2 on, apd 

(3) D l  and D2 o f f .  From Equation (134) D1, is pn (ID1 > 0) when 
, . 

Likewise, from Equation (135), D2 is on when 

S t a t e  (3) oc.curs when Vin (Vlncls 'inc2) 

It is  important t o  note the  d i f fe rence  between a vol tage  output 

r e c t i f i e r  of the  type shown i n  Figure 21(b) on page 90 and a current  

output r e c t i f i e r a s  i l l u s t r a t e d  by Figure 21(c) through 21(e)onpagep 90 ,and 

91. I n  a current  r e c t i f i e r ,  the  output  i s a  funct ion ( i d e a l l y  l i n e a r )  of ID, 

IE, o r  I However, the  output  o f a v o l t a g e  r e c t i f i e r  (V ) i s  given by 
S ' P l  

A s  w i l l  be shown, the  cur ren t  r e c t i f i e r  has b e t t e r  performance tehan a 

vol tage  r e c t i f i e r  a s  a peak de tec to r  o r ,  i f  the  diodes a r e  not matched, 



a s  an  average detector .  . . .,::For,..instance, the  ,.peak value of I . can be . ,. D 1 

obtained d i r e c t l y  from Equation (134) . Since the  i d e a l  value of -IDi i s  

< 
-V. /R f o r  Vin - 0, t he  instantaneous o r  peak e r ro r  i s  

i n  3 

b .  

where 

and (139) 

. . .  
3 .  

. , . . , . 
. !  

V is  found from Equations (132) and (133) t o  be f 

, . . 3 . . "Vin' .: 1 
(- + v ("  

R3 F R2 + - . . ,  
vf - Aol + 1' 

. . .  . . .  .. , 

by using the  i d e n t i t y  .V - - . - A ~ ~  V .  s ince  the  i dea l  vol tage output is 
0 : 

VR1 = -R V /R  the instantaneous, o r  peak e r ro r  i s  given by . - .. 1 i n  3' . . . . . . 

, . . . ..% , . . . . -  . . . . .  . . . . . . .  . . , . . ,  :. . . . , 
where ' 

and 
. . 



Note t h a t  wh i l e  t h e  s c a l e  f a c t o r  e r r o r !  of a vol . tage ou tpu t  r e c t i f i e r .  is 

g r e a t e r  than  t h a t  of a c u r r e n t  ou tput  r e c t i f i e r ,  t h e  DC e r r o r s  can be 

i d e n t i c a l  on ly  i n  s t a t e  (3)  where t h e  e r r o r  i s  high.  I n  s t a t e  ( I ) ,  t h e  

- reg ion  of good r e c t i f i c a t i o n ,  RD2 - Rr2 >> + R1 = Rfl  + Rl; there-  

f o r e ,  

The e r r o r s  c a l c u l a t e d  from Equations (139) and (141) a r e  graphed 

i n  F igure  24(a) ,  ( b ) ,  and ( c ) .  VF and Rf equal  t o  0.525 V and 160 ohms, 

r e s p e c t i v e l y ,  were chosen a s  a p p r o p r i a t e  va lues  f o r  s imu la t ing  s i l i c o n  

diodes and t r a n s i s t o r s ;  Rf=160Q is t h e  dynamic forward r e s i s t a n c e  of 

an  exponent ia l  diode a t  a qu ie scen t  c u r r e n t  of 0.16 mA w i t h  VT = 26 mV. 

These graphs show t h a t  the2second-order  diode model y i e l d s  i n c r e a s i n g l y  

lower e r r o r  va lues  than  t h e  th i rd-order  model a s  Aol i nc reases .  Note 

t h a t  a s  R1 + s1 approaches zero,  t h e  s c a l e  f a c t o r  and.DC e r r o r s  f o r  

t h e  c u r r e n t  r e c t i f i e r  approach zero and 

r e s p e c t i v e l y .  R1 = 0 can  only b e  u t i l i z e d  i n  c u r r e n t  ou tpu t  r e c t i f i e r s  

s i n c e  Equation (138)shows t h a t  Vrl would equa l  Vf i f  R1 = 0. 
' 

Figure  24(a) and 24(c) show t h a t  t h e  c u r r e n t  r e c t i f i e r  has  b e t t e r  

accuracy a s  a peak d e t e c t o r  f o r  i d e n t i c a l  component va lues ,  whi le  

F igure  24(b) shows t h a t  t h e  performance of t h e  c u r r e n t  r e c t i f i e r  i s  

s u b s t a n t i a l l y  improved by s e t t i n g  R t o  zero p a r t i c u l a r l y  a t  h igh  inpu t  1 

v o l t a g e  l e v e l s .  F i n a l l y ,  t h e  graphs show t h a t  i n c r e a s i n g  Aol improves 

accuracy,  p a r t i c u l a r l y  i f  Rr2 is very  l a r g e *  
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(a) Peak error of current output rect i f ier  with R1 = R2 = 2Kn. 
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Figure 24. Error analysis of precision rect i f ier  via piecewise- 
linear method. 
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- 1 o - ~  
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PEAK INPUT VOLTAGE (V) 

(b) Peak error of current output r e c t i f i e r  with R = Rt = On. 1 

Figure 24 (continued) 
- 
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( c )  peak errar of voltage output r e c t i f i e r  with R = R, = 2KA-i. 
1; r 

Figure 24 (continued) 



'PEAK, INPUT VOLTAGE (V) 
' ! . , .  . ,- , . . . ... 

(d) Average error for both current and vol.tage output r e c t i f i e r s  
with A. = 1000. 

01 

;Figure 24 (continued) 
... .... . , . . . 



,(j= 1. 

1 0 - i  2 2 5 40' '5 ,oo ' 

PEAK INPUT VOLTAGE (V) 

(e)  Average nonlinear error (ppm) for  both current and voltage output 
rectifi.ers w i t h  A .  = 1000: 01 

Figure 24 (continued) 



I n  analyzing the average e r ro r  of the  r e c t i f i e r ,  a l l  th ree  s t a t e s  

must be considered. The average output current  is 

8 1+2 - 1 = - I,, dl$ = 
113 + 122 + '33 + 41 

' ~ 1  2n ,, 2n 9 

where t is  the i n t eg ra l  cf IDl over the  i n t e rva l  [Bi, Bi+l] i n  which 
i j 

the  c i r c u i t  is  i n  s t a t e  j, € I 5  = + 277, and Vin = V s in(  (see 
inp 

Figure 23(b) on page 98. Iij is given by the  following equation: 

where 8 i s  given by the following expressions: 
i 

- 1 
= s i n  /V 1 , ('incl inp 

-1 
€ I 2  = s i n  (Vinc2'Vinp) 

- 1 €I3 = -s in  /V ) + r = -€ I2  + T, 
('inc2 inp 

and 

- 
Therefore I is  given by the  following expression: Dl 



\ 

R C O S ~  1 - (145) 

. . . , 

R2 + '~2 where R = R and R = (R3 ( A ~ ;  + I ) ){  I( )- i n  the  i t h  s t a t e .  : 
p i  P PP i - 

Using the  small angle  approximation$, 0 s i n  9 and cos €I = 1 - e2/2;  

Equation (145) may b e  s impl i f i ed  a s  follows: 

Vp VincZ R3 - 
V inp  

- 
Since  the  i d e a l  va lue  of I is V /(R3n), t h e  e r r o r  is composed of three  D l  i np  

p a r t s :  

where the  s c a l e  f a c t o r  e r r o r  is . 



t h e  DC e r r o r  i s  

and the  nonlinea.ri 'ty e r r o r  i s  

Subs t i tu t ing  f o r  Vincl and Vinc2 t h e  equivalent  .expressions given by 

Equations (136) and (137) on page 99, Pcnle may be s impl i f i ed  t o  

Note t h a t  i f  t he  second-order diode assumption is  made, the  e r r o r  t e r m s  

reduce t o  

(B; - 1)100% 



where the  vo l t age  feedback r a t i o  in s t a t e  (1) '  B is  R ~ / ( R ~  + Rfl + R~). 1' 

To c a l c u l a t e  t h e  average e r r o r  of V t h e  mean value of Vf must be 
R1 '  - 

known. I n t e g r a t i n g  Vf i n  a  manner s i m i l a r  t o  t h a t  used f o r  I D l '  Vf 

becomes 

Using the small angle  approximation where 6 - 
1 - Vinc l 'V~np  and 

'2 = Vinc~'Vinp'  
expression (149) car1 be rewr i t t en  as 



- 
Since the i dea l  value of VRl is  Vinp/il, t he  t o t n l  average e r r o r  ib 

- 
've - 'vsfe + 'vdce + 'vnle ' 

where 

and (152) 

Since Rf i  << Rri where i i s  1 or  2, the  magnitude of P vdce and P vsf e 

is  l a rger  than t h a t  f o r  Pcdce and P respect ively ,  but  the  magnitude 
csfe '  

'vnle 
may be  e i t h e r  l e s s  than, equal t o ,  o r  g rea te r  than t h a t  f o r  

'cnle . I f  the  second-order diode assumption is  made, the  e r ro r  compo- 

nents bccomc 



and 

where B t h e  v o l t a g e  feedback r a t i c  i n  s t a t e  (2 ) '  is  R3/ (R2 + R f 2  + R3). 
2  ' 

Figure  24(d) and ( e ) ,  pages 105 and 106, g r a p h i c a l l y  r e p r e s e n t  t h e  

average  e r r o r  c a l c u l a t e d  v i a  Equat ions (148),  (149) ,  (152) and (153).  

These graphs i l l u s t r a t e  t h a t  as long a s  R = R and t h e  d iodes  a r e  
1 2  

matched, t h e  performance i n  an  averaging  c i r c u i t  of both current  and 

v o l t a g e  r e c t i f i e r s  is  i d e n t i c a l .  However, a s  r e a d i l y  i l l u s t r a t e d  i n  

Equat ion (149),  l e t t i n g  R1 + Rfl  approach zero impl ies  t h a t  B approaches 
1 

u n i t y ;  t h e r e f o r e ,  Pcsfe goes t o  zero.  A s  i l l u s t r a t e d  by F igu re  24(d) ,  

l e t t i n g  R1 approach ze ro  s i g n i f i c a n t l y  improves t h e  performance only a t  

h i g h  v o l t a g e s .  I n  f a c t ,  F igure  24(e) shows e s s e n t i a l l y  no improvement 

i n  n o n l i n e a r i t y  e r r o r  w i t h  r educ t ion  of R However, t h e  o v e r a l l  
1 ' 

improvement is  s i g n i f i c a n t  s i n c e  t h e  s e n s i t i v i t y  of t h e  ou tpu t  t o  A is 
0 1 

reduced a t  h igh  i n p u t  vo l t ages .  This  i s  of p a r t i c u l a r  s i g n i f i c a n c e  s i n c e  

t h e  i n p u t  v o l t a g e  i n  t h e  Oak Ridge c o n t r o l l e r  was chosen t o  b e  above 1 V 

t o  minimize e r r o r .  Note a l s o  f o r  i n p u t  vo l t ages  above 1 vole ,  r h e  non- 

l i n e a r i t y  is  of t h e  o r d e r  of a  few ppm. S ince  Aol is 20,000 a t  1 KHz 

i n  t h e  Oak Ridge experiment wh i l e  F igure  24(d) and (e )  a r e  f o r  

Aol = 1000, t h e  t o t a l  e r r o r  can be up t o  twenty t i m e s  lower than  pre- 

d i c t e d  i n  t h e  graphs,  wh i l e  t h e  n o n l i n e a r i t y  can be  400 t imes lower.  

Note, fur thermore,  t h a t  t h e  .second-order model y i e l d s  h i g h e r  estimates of 

r e c t i f i e r  accuracy.  F i n a l l y ,  s e t t i n g  R2 + Rf2 # R1 + Rfl r e s u l t s  i n  a  



very sli.ght change in the error of voltage output rectifiers over that 

with R2.= 2KO. This change in error is caused by a nonzero DC compo- 

nent. of' V due to the asymmetry of the .circuit.. Thus', the change is f 

directly dependent on A 
ol--3 This change .is readily observed from 

Equation (153) since B1 and B2 are dependent on R1, Rfl, R2, and Bf2, 

respectively; With Ri + Rfl = 2;16 .K52 and - R2 + Rf = 16052, expression 

(153) gives a change in Pvdce and 'vnle of -9.99 pcdce and 

-2 .00  Pcnle, respectively, if Aol = 1000. Since the relative 

change increases as A decreases, a 10% relative change would occur 
0 1 

if Aol were reduced,to approximately 10 for the above B1 and B2. 
_ ' I  . 

Unfortunately, " . . . ,the piecewise-linear analysis as presented here can 

give poor estimates of rectifier accuracy. One reason for poor results 

is the omission of frequency dependence of the opamp gain and stray 

capacitances in the diodes. Note that A (jw) may not be directly sub- 
0 1 

stituted into the error expressions because of the nonlinearity of the 

circuit. To include frequency dependence substantially increases the 

complexity of the piecewise-linear analysis. For more information on 

piecewise-linear analysis of nonlinear systems References 54, 55, 56, 

57, 58, and 59 are recommended.' Frequency dependence will be examined 

later. 

~ncther 1imitation'of.th.e-above ana1ysis.i~ the assumption of 

ideal transistors with a = 1. Since a = H /(HFE + l), a constant a FE 
. . . . 

czn be had only if HW is ve'ry large 'or independent of current and 
. . .  . . 

temperature. ~ n f  ortunatel?,  since"^ norm=lly decreases' at low currents FE 
, I i" 

and very high currents, and increases with' increasing temperature, a 

'device having very large Hm a't low currents - is mandatory for hi'gh 
. 



accuracy. The peak e r r o r  can be  estimated by evaluat ing  a a t  the  

c u r r e n t s  of i n t e r e s t ;  t h a t  is, t h e  a d d i t i o n a l  peak e r r o r  due t o  a i s  

P = (a - 1 )  100%. Since  t h e  average e r r o r  depends on ID which ranges 
aP 

from i t s  minimum t o  i ts  peak value ,  a w i l l  have a l a r g e r  e f f e c t  on the  

accuracy of average d e t e c t o r s .  

An es t ima te  of t h e  range of e r r o r  due t o  a can be made by assuming 

t h a t  t h e  e r r o r  is  a uniform DC e r r o r :  

where I E is the  e f f e c r l v e  DC e r r o r  cu r ren t ,  I is  the  instantaneous 
0 

emitter cur ren t  of Q and I. is an a r b i t r a r y  re fe rence  cur ren t .  If 
1 ' 

H ~ o  and a  a r e  evaluated a t  Io, then combining Equations (153) and 
0 

(154) y i e l d s  the  fol lowing r e s u l t :  

a = l + ( Y  + Y  ) / L O O % ,  s i p  DCp 

where P 
as£  p 

= (no - 1 - 6)100%. From the  phnve ~ q i i a t f o n ,  

where 

Note t h a t  U may a l s o  be  defined i n  terms of t h e  average DC e r r o r ,  i f  

- t h e  r e c t i f i e r  input  is s i n u s o i d a l ,  by s u b s t i t u t i n g  PaDCp - PaDCe/n. 

F igure  25 i l l u s t r a t e s  t h e  l i m i t s  on HFE/HFEo versus ( 1 ~ 1 n ) - ~ .  Note t h a t  

t h e  lower l i m i t  is  given by u€(-1,0), while the  upper l i m i t  i s  designated 

I 
by UC(O,l/HFEo). UE(-1, -1 r e s u l t s  i n  negative values  f o r  Hm, which 

Hl?Eo 



Figure 25. L i m i t s  on as a function of a. 1 (I/n)/ [ (Io - I)E]  1 
0 

= ( I U  where the e f f e c t i v e  DC error current i s  I o r  
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a r e  physica l ly  unreal izable .  Equivalently,  I / I o E ( € / ( ~  - a O ) ,  1) and 

/ I O l ,  E / ( E  + (HFEo + l ) - l ) )  a r e  the  ranges of I/Io f o r  the  lower and 

upper limits, respec t ive ly .  

Figure 25 can be  u t i l i z e d  i n  a t  l e a s t  two ways. F i r s t ,  f o r  a  

s p e c i f i e d  HFEo, t h e  change i n  Hm t h a t  w i l l  cause a   give^ e r r o r  can be 

found.: . The' - graph shows . .  . t h a t  a l a r g e r  r e l a t i v e  change i n  E! is  allowed 
. . ,. . . . FE ... 

f 6 r  a given e r r o r  l i m i t  f o r  l a r g e r  H : .br f o r  l a r g e r  e r r o r  l i m i t s  F'EO 

given Hpgo. Secondly, t h e  l i m i t s  of the  v h i $ ' t i o n  of H versus cur ren t  
..: , i, .... 

.". 
f 'jr .gp&&,if ie:a F". aaa'...l. ., 

TFo . o I I &.%e.&:~hd..' . . For ins tance ,  i f  I - i s  
, , ,.I ^ .  . 0 

... i. . . , 

chosen a s  t h e  maximqm c u r r i n t  and P 
-' 

is .assuied t o  be b e t t e r  fhan 
. aDCe -. 

'. . 
0.001% f o r  peak s inuso idh l  s i g n a l s  from 0.1 Ib t o  Io, then 

< . -1 5 
] e l =  - 1 x Thus ( I ~ l k ) . .  = 10 a I / ( I ~  -"'I)... ..Theref,ore, i f '  . 

0 
'C- 

= 500, H ~ / H ~ ~ ~  must not f a i l  below 0.984, 0.862, 0.385, ,. H ~ o  . . 

5.72 x lo-*, and 4.26 x  a t  0.111,. 0.0101, 0.00100, 1 . 0 0  a and 
-. . . .  , . .  . 

-5 'I "' 1.00 x  10 ,  .. o . . . .  Trans i s to r s  .. . , . , . . . . ,  . having t h i s  uniform HE would have . to  be 

hand se lec ted .  Fortunately;  higher HpE devices such a s  ~ a r l i n g ' t o n  
__:.. . . . - .  . . 

t r a n s i s t o r  arrays. al low .much higher v a r i a t i o n  of 'H /H a s  i l l u s t r a t e d  FE FEo 
. . - . . . . . . . .. . 

i n  ~ i & i e  25'. ~ u r t h e r m o r e ,  t h i s  graph i l l u s t r a t e s  a  maximum cur ren t  
I 

dependence . . of H which is approximately propor t ional  t o  cur ren t .  .. FE . . . .  . . . *  
. . 

~ o i t u n a t e l ~ , ' m o s t  t r a n k i s t o r s  exh ib i t  a  H ' cur ren t  dependence a t  low 
FE 

< < 
c u r r e n t s  of I', where 0  - N - 1. (8ee discuss ion of Darlington 

. . 
I .  . a .  r e c t i f i e r  c i r c u i t  'on page 180. ) 

. . ' .  . . 

Other sources of e r r o r  t h a t  were neglected i n  t h i s  a n c l y s i s  include 

t h e  non l inea r i ty  of the  ampl i f ier .  The s e v e r i t y  of the  e r r o r  these  

approximations cause w i l l  become evident  i n  the  more exact  ana lys i s  t h a t  

fol lows . 



Iterative Technique with Exponential Diode Model 

A significant improvement in the analysis of a precision rectifier 

circuit can be made by employing the exponential diode model as pictured 

in Figure 19(c) on,page 85. The equivalent circuit of a general pre- 

cision rectifier is illustrated in Figure 26(2). Unfortunately, the 

characteristic equation for an exponential diode in series with & 

resistor is transcendental: 

and 

where V = Vf + ID1 R1 and VR2 = Vf - ID2 R2. Even if the circuit is R1 

modified to eliminate the series resistance as.illustrated in 

Figure 26(c), the equivalent. parallel impedance also results in a 

transcendental equation: 

or for matched diodes 

Such equations may be solved by series approximation. Schafer among 

others has employed this technique to determine the harmonic distortion 

in transistor and diode circuits. "' 61~y 62 While this technique works 

well in the calculation of distortion products, it is an extremely 
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(a) Equivalent circuit of precision rect i f ier .  

A 
'Jo- 'Jf 

(b) Approximate equivalent circuit of precision rect i f ier .  

(c) Circuit B simplified by Norton equivalent source. 

Figure 26. A, B, and'C circuits  used for iterative analysis of 
rec t i f i er .  



cumbersome technique t o  c a l c u l a t e  t h e  DC term (average va lue  t o  t h e  

waveforn) o r  t h e  peak va lue  of t h e  waveform f r o n  a s e r i e s .  For 

i n s t ance ,  i f  a Taylor s e r i e s  expansion i s  employed, every even power 

term w i l l  c o n t r i b u t e  t o  t h e  DC t e r n ,  hence many t e r n s  w i l l  have t o  b e  

eva lua ted .  Note t h a t  one should n o t  neg lec t  t h e  f a c t  t h a t  cosn8 is  

equal  t o  a sum of s i n u s o i d a l  terms no, (n-2)8, (n-4)8, ... t o  DC o r  8 .  

2 3 
For example, cos  8 = ( 1  + cos .20 ) /2  wh i l e  .cos 8 = . ( 3  cos  0 + cos  38)/4.  

Ara~ther: m e t h o d  of s o l v i n g  t r anscenden ta l  equat ions  is i t e r a t i o n .  

I n  t h i s  method, assumed va lues  f o r  I and ID2 a r e  u t i l i z e d  t c  c a l c u l a t e  
D l  

an e r r o r  cu r r en t .  This  e r r o r  c u r r e n t  is  employed t o  improve t h e  

e s t ima te s  of I and ID2. The process  i s  repea ted  u n t i l  t h e  e r r o r  
D l  

c u r r e n t  is  s u f f i c i e n t l y  small .  This  method is  e a s i l y  app l i ed  t o  pre- 

c i s i o n  r e c t i f i e r  a n a l y s i s  where A is  independent of frequency, a s  w i l l  
0 1 

b e  assumed here .  

A s  a fur:ther s i m p l i f i c a t i o n ,  r e v e r s e  b i a s  d iode  c u r r e n t s  w i l l  be  

neglec ted .  For t h e  range of s i g n a l s  considered h e r e  and f o r  s i l i c o n  

d iodes ,  t h i s  assumptior! w i l l  cause n e g l i g i b l e  e r r o r  ( s e e  page 89) .  Ifore- 

over ,  assume that t h e  c i r c u i t  i s  symmetrical; i . e . ,  R1 = R2, 

- - Isl - Is2 - Is, and VT1 = VT2 = VT. With t h e  above assumptions R1 and 

R2 may be replaced wi th  one r e s i s t o r  a s  i l l u s t r a t e d  i n  F igure  26(c).  

A n  equ iva l en t  Norton c u r r e n t  source  inakes t h e  c a l c u l a t i o n s  much s impler .  

For t h i s  c i r c u i t ,  t h e  node equat ion  i s  



where B. = R,,/(R1 + R3) and 
I - 

If ID2 is zero, 

The above equations now can be used in an iteration technique to 

compute I Dl 
Initially a~sume that Ie = 0, then ID1'= -Iin. Us ins 

2 
~~uation (160), a second estimate of Ie can be made ( I,). Using '1 in e 

2 
Equation (159) results in a second estimate for ID1 ( ID1). An 

estimate 06 the accuracy of 
3 

may be obtained by computing Ie by ID1 

using in Equation (160). For instance, assumillg A = 1000, ID2 o 1 

R1 = R = 2 Kn, Is,= 10 PA, and VT = 26 mV, the convergence of the 3 

iteration method is shown in Table 3. Note that the second estimate for 

ID1 is an excellent approximation of the real diode current for ' 

< 
in - -0.001 V. Slnce Ie > 0, l~Dl is larger than I Dl ' This results 

2 
in I > I and causes 

2 
.ID1 < ID1 . The ratio of Ie to ID1 increases as 

e e 
1 decreases, until I > causes 

2 
 ID^ . e  .IDI ID1 to go negative, which is 

counter to the assumption that Dl is on. Note that ID1 cannot be less 

than -I When the estimated Ie becomes larger than half of -Iin, s ' 
an 

initial assumption of lle = -I and ID,. in = 0 will yield better results. 

With the above assumption, Vo - VR1 = VD1 is determined from Equation 

may be computed from Equation (157). Next, Equation (1291, then ID1 

(159) is employed to calculate 21 . The proces: ; repeated until 
e 

adequate accuracy has been obtained. The excellc~l~ ,o: ;rqence of this 



. . 
CONVERGENCE OF ITERATIVE TECHNIQUE FOR ANALYSIS .. . 

OF PRECISION RECTIFIER CIRCUITS 
. . . . 

.: ._ 
A Input' .Voltage (-V) 

10 1 Currents (A) .. O , . l  , ... :O.Ol 0.0111 ' .,0.0001 . . 0 .0001 

. .2'.. 
. . *Nega t ?;re i s  =hunter to the assumption chat D l  i s o n  and yields a fa l se  value fo; 3~ ... IDI . e :  



a$proach f o t  a;-0.0001~ input is  tabulated i n  Table 3. However, f o r  

input  voltages whefe ID1 -4 
1. Ie (-4'993x10 V f o r  ID1 = Ie) the former 

I t e r a t i o n  method converges f a s t e r  than the  l a t t e r  method. I n  f ac t ,  the  

fdrmer method w i J l  coxiverge f o r  input voltages l e s s  than -0.25 mV. 

Having ebtablished tha t  2 ~ D l  f o t  the  former method has  su f f i c i en t  

accuracy f o t  itiput vol tages  l esk  than -1 mfr, 21D2 may be u t i l i z e d  t o  

compute the  beak e r r o r  of a precis ion r e t t i f i e k .  is given by the  
Ill1 

Since the peak value of -Iin is much grea te r  than IG f o r  Ving > 1 mV, 

t h e  argument of tHe In term can be approximated by -I /I Hence the  i n  s' 

peak e r ro r  i s  

where 

-v, B1 100% B1 (Aol + u 
t' I " '  ,. 

cdcp (Aol B1 + l)V In (  . , .  

inp 
B + I ) '  Is R3 (Aol 1 



and V is the  magnitude.of t h e  negat ive  peak cf the  input  vol tage .  
i n p  

P and P a r e  graphed ?in Figure 27(a) and (c) ,  r e spec t ive ly ,  f o r  
CF cnlp 

B1 = 0.5 and 1.0. Comparing these  graphs with those f o r  t h e  piecewise- 

l i n e a r  diode model shown i n  Figure 24(a),  (b) , and (e) , pages 102, 103, 

and 106, shows t h a t  piecewise-linear ana lys i s  poorly est imated the  

r e c t i f i e r  e r r o r .  A t  high input  vol tages ,  the  e a r l i e r  a n a l y s i s  gave a 

good p red ic t ion  of t o t a l  e r r o r  f o r  B = 0.5 where the  s c a l e  f a c t o r  1 

e r r o r  i s  dominant. Uofortunately, the  piecewise model gives a h ighly  

conservative es t imate  of the  DC e r r o r  (approximately t h r e e  t i m e s  too 

l a r g e ) ,  while the  nonlinear  e r r o r  e s t ima te  has l i t t l e  resemblance t o  t h e  

nonlinear  e r r o r  computed by the  i t e r a t i v e  method. 

The poor r e s u l t s  of the  piecewise-linear ana lys i s  can be explained 

i n  the  following manner. The piecetvise-linear r e c t i f i e r  does no t  r e c t i f y  

u n t i l  t h e  vol tage  exceeds the  t u r n  on vol tage .  But an exponential  diode 

w i l l  r e c t i f y  a t  any vo l t age  (although t h e  r e c t i f i c a t i o n  of low vol tages  

is poor) due t o  the  round knee of the  current-voltage c h a r a c t e r i s t i c s .  

Hence, t h e  piecewise-linear model p r e d i c t s  excessive e r r o r .  However, 

the  approximate diode model does p r e d i c t  genera l  t rends  (see  Figure 24 

on pages 102-106). For example, i t  c o r r e c t l y  p r e d i c t s  t h a t  inc reas ing  

B w i l l  reduce the  s c a l e  f a c t o r  e r r o r .  

The i t e r a t i v e  technique may a l s o  be employed t o  compute the  e r r o r  

of a vol tage  output r e c t i f i e r .  By using the f a c t  t h a t  Vo = -Aol Vf 

along wi th  Equation (138) on page 99 and Equation (159), VR1 is obtained 

a s  follows: 
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Figure 27. Error analysis of precision rectifier by iterative 
technique. 
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Figure 27 (continued) 
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(c) Nonlinear error for both current and voltage output rectifiers. 

Figure 2 7 (continued) 



/ = - 
' in A o l  R1 - Ie (R1 + R3) 

+ * O l  

S u b s t i t u t i n g  2 ~ e  f o r  Ie, t h e  e r r o r  i s  

P = + P vp Pvsfp  + Pvdcp m l p  ' 

where 

P 
- - cdcp 

'vdcp 1 - B1 ' 

The t o t a l  e r r o r  and P a r e  graphed i n  F igure  27(b) and ( c ) .  Conparing 
vn lp  

t h e s e  graphs wi th  F igure  24(c) and ( e )  on pages 104 and 106 a g a i n  shows 

good agreement between t h e  second-order p iecewise- l inear  model a t  h igh  

v o l t a g e s  b u t  about  t h r e e  t imes too  much e r r o r  f o r  t h e  p iecewise- l inear  

node l  a t  low vo l t ages  on t h e  t o t a l  e r r o r .  The non l inea r  e r r o r  has  l i t t l e  

resemblance t o  t h a t  of the exponent ia l  diode a n a l y s i s ,  However, t h e  

p iecewise- l inear  nodel  c o r r e c t l y  p r e d i c t s  t h a t  t h e  v o l t a g e  e r r o r  is 

approximately twice t h e  c u r r e n t  e r r o r  f o r  B = 0.5. 1 

The i t e r a t i o n  method may a l s o  b e  used t o  compute t h e  zverage 

r e e t i f 3 . e ~  e r r o r  aa fol lows:  



where V = V s i n  4 and V > 0. Note t h a t  t h e  i n t e g r a l  i s  only i n  inp  inp 

over [TI,  TI] s i n c e  I is zero by assumption over the  i n t e r v a l  [0, T ]  . D 1 

While computing the  i n t e g r a l  of Iin is  s t ra ight forward,  t h e  i n t e g r a l  of 

I n u s t  be t r e a t e d  wi th  caution.  Recall f r o n  Table 3 on page 121 t h a t  e 

i s  good approximation of Ie only f o r  vol tages  abcve 1 mV. S i r s e  

"in = O a t  both l~ and 2n, i t  is des i rab le  t o  break the  i n t e g r a t i o n  

i n t e r v a l  i n t o  p a r t s  a s  follows: 

where 

and t h e  i n t e r v a l  [O,Bc]  is t h a t  over which 21e is not  e good approxima- 

t i o n  of Ie. S u b s t i t u t i n g  an equivalent  expression f o r  2 ~ e  from 

E q u a t i o ~ .  (161) on page 122, I2 becomes 

where K = VT/(R1 + Rj (Ao1 + 1 ) ) .  Unfortunately, the  value  of t h e  above 1 
TI12 

i n t e g r a l  could not  be located  i n  i n t e g r a l  t ab les ;  however, I n  s i n  4 d4 
0 



71 was found to be equal to - 7 ln 2.52 Assuming that I sin 8c/18 >> 1 
inp 

and Bc = sin 6c, Equation (167) may be rewritten as follows:, 

'in 7112 
c 

I2 = K1((; - Bc) ln(+) + I in sin ( dg - I in sin(..d() 
0 s 0 .  

c 
where I In ( d? = Be(ln(Bc) - 1) - lim I). By l1Hospital's 

0 ES.0 E 

rule, 

ljm (ln(') - '1 - lirn 1 / - 2  = lim - ' E  = o . 
ES.0 E EJ.0 cS.0 - 1 

4 For A = 1000, R1 = Ri = 2KQ, and VT = 2 6  mV, Iinc/Is = 1.3 x 10 gives 
0.1 

L 
an Ie within 20% of Ie. For other values of Aol and the same accuracy 

2~ e' Iinc /Is is roughly inversely proportional to Aol. Letting 

eC = sin Bc = /I Iinc inpy Equation (165) becomes 

, .. 
! 2  

- 1.. Iinc I inc 
ID1 = ;; (Iinp - 21 + 1 -  ln(-))] . 

I inp I 
inl, inp 

" .  .. . - . ,  

. . 
(169) 

, . . . .  

One may estimate the relative sizes of the terms of the above equation 
- .  . : .  ; . . , . 

using the above circuit parameters along with 1- = 10 PA. I'f 
. .. K : n  "I . , 

= 4, then I ' = 5.2 x lo-' A, ln($) = 2.1 x 
inp . . 

Iinc 9 G 

- In(-) - . This indicates that I 
, inp 2 

neglecting the terms involving Iinc results in less than 4.12 additional 
. a .  . . , : 

error in the estimation of the rectifier accuracy at input currents 
. . . . - . .. 

greater than 41inc; thus, ID1 is approximately 



Hence t he  e r r o r  is  

where 

(B, - 1 )  100% 

Since the c i r c u i t  i s  symmetrical, V has a zero mean value, hence the  f 

average vol tage output e r ro r  i s  equal t o  t h a t  of the current  output. 

Figure 27(b) and (c) on pages 125 and 126 graph t he  average e r ro r s  

a s  given by Equation (170). . Comparison of r e s u l t s  with those of the  

piecewise-linear model a s  i l l u s t r a t e d  - i n  Figure 24(d) on page 105 again 

show the l a t t e r  t o t a l  e r r o r  est imates t o  be about three  times too la rge  

a t  low input voltages.  However, t he  accuracy improves as the  input 

vol tage increases'. Again the  approximate l i nea r  analysis  cor rec t ly  

p r ed i c t s  t h a t  increas ing . w i l l  reduce the  s ca l e  fac tor  e r ro r .  I n  BI 
addi t ion,  the  piecewise l i n e a r  model gives a very poor estimate of the  

nonlinear e r ro r .  



Although t h e  preceding ana lys i s  considered only a gynqnetrical 

c i r c u i t ,  the  technique is a l s o  applgcable t o  nonsymmegrical c i r c u i t s .  

A s  long a s  the  reverse  biased diode current  can b e  neglected,  only one 

diode and its associa ted  s e r i e s  r e s i s t o r  need be considered a t  any 

given t i m e .  Thus, the  peak e r r o r  Equations (162) and (164) on pages 

122 and 127 a r e  a l s o  v a l i d  f o r  nonsymmetrical c i r c u i t s .  Addit lqnally,  

expression (170) f o r  the  average error of a cur ren t  r e c t i f i e r  is a l s o  

v a l i d  f o r  nonsymmetrical c i r c u i t s ;  however, the rqpan value of Vf must 

be  computed t o  f i n d  the  average vol tage  er roq of a nonsymmetrical 

r e c t i f i e r .  Using the  i d e n t i t i e s  VR1 = R1 ID1 + V f and VR2 = -R2 ID2 + Vf 

with Equation (159) on page 119, where R2 is s u b s t i t u t e d  f o r  R1 when Dl 

is o f f ,  Vf i s  found t o  b e  

where 

= R /(R + R )  and Di is  on (i = 1 or 2 ) -  
Bi 3 i  3 ?  

Thus, t h e  average value of Vf is given by t h e  following equation: 



where . . , .  . . . .  < .  
. . . . 

and . : . . s . . .  , . . . 

Theref ore, the :voltage error for a nonsym.etrica1 '.rectifier ' circuit is 

. . 
where ., ;.. . . . . . . . . . . . 

and 'cnle are evaluated with VT = VT1 and Is - - Islo 
Note that.the .above..equation..indicates that all three,error terms are 

. . . . . .  . . 

dependent on the degree of asymmetry of the circuft. However, the 
I 1: n .  

. piecewise-linear analysis predicted th,at P is independent of the 
... .. . vs.fe 

asymmetry of the rectifier circuit. 

While .the., iteration, methdd yields results of superior accuracy to 
. . .  . . '. . . 

that of the piecewise-linear' technique, the computations are surprisingly 

.simple for the former method. Unfortunately, frequency dependent 



parameters are not readily handled by either method. In order to 

incorporate frequency dependence and additional nonlinearities, computer 

analysis methods will be discussed next. 

Computer Simulation by Delay Method 

Although the iterative method gives accurate results, it is still 

limited to frequency independent parameters. ~requency dependence can 

be handled in a computer analysis of the rectifier circuits. Two canned 

computer programs were considered: PCAP (Princeton Circuit Analysis 

Program) and CSMP (Computer System Modeling Program). 63964'65 PCAP has 

the advantage of directly analyzing electronic circuits; however, its 

flexibility is rather limited. The PCAP diode model is the third-order 

piecewise-linear model. Although an exponential dependent current source 

is available, when attempts were made to use it in a diode configuration, 

the current would increase to a value many orders beyond the correct 

value. Moreover, PCAP does not. allow general ~ortran statements. CSMP, 

on the other hand, allows general Fortran statements. CSbP does not 

directly handle circuits, but handles system transfer functions. 

Additionally, many more options are available for integration methods 

with CSMP. unfortunately, CSMP cannot solve the transcendental Equations 

(157 and (158) on page 117. However, the circuit can be modified to 

allow a C S W  solution. 

An equivalent system block diagram of a precision rectifier circuit 

is pictured in Figure 28. As in the earlier two analyses, the opamp 

input and output impedances are assmed to be infinite and zero, 

respectively. However, the opamp slew rate limit and frequency response 

is included. Although a single pole opamp frequency response is shown, 



Figure 28. Block diagram of system representing precision rect i f ier .  
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any physically realizable frequency response can be handled in CSMP. 

The slew rate limitation is represented by the limiter. C and G1 2 

represent the conductance of diodes D2 and Dl, respectively. G2 and G 1 

can be any function, but exponential diodes will be considered here. 

The blocks marked delay are inserted into the system model to allow a 

solution and can be any function having memory such as a delay, a real 

pole, or an integrator. This is necessary since CSMP requires at least 

one memory function in each feedback loop. 64,65 

The CSMP program is listed in Appendix C. In this program several 

parameters may be set by the programmer. VINPK and FINPUT represent 

the negative peak amplitude (V) and the frequency (Hz) of the sinusoidal 

input voltage. IS1, .IS2, VT1, and VT2 represent IS1, ISZ, VT1, and VT2, 

respectively. AOL, GBWP, SRRISE, and SRFALL represent the.open-loop DC 

opamp gain, the gain-bandwidth-product (Hz),.and the magnitude of the 

positive and negative slew rate limits (V/sec) of the opamp, 

respectively. By definition, the time constant of the single pole opamp 

(TOL) is AOL/(ZrGBWP). Since the application of a step function of 

height=SR TOL/AOL to the input of the opamp will result in an initial 

rate of change in V of -SR, the maximum and minimum values of V1 will 
0 

determine SRFALL and SRRISE, respectively. Two types of errors are com- 

puted by the program: instantaneous and average. VERORT and IERORT are 

the instantaneous errors of the voltage and current output rectifiers: 

VERORT = 
(VRlRF - VOIDEL) 100% 

VOIDLA 

and 

IERORT = 
(VIFlRF - VOIDEL) 100% 

VOIDLA 9 



where VRlRF = VR1 ~ 3 1 ~ 1 ,  VIFlRF = I F 1  R3, VOIDLA = -VIhTK/r,andVOIDEL 

( t h e  i d e a l  o u t p u t  of t h e  r e c t i f i e r  r e f e r r e d  t o  t h e  i n p u t )  i s  given by 

VOIDEL = -VINPK VIhQ U(-VIND) (175) 

where VIND = s i n  (2rFINPUT t + PHASE), U(X) is  t h e  u n i t  s t e p  func t ion ,  

and PHASE is an  estimate of t h e  phase s h i f t  of t h e  r e c t i f i e r  ou tpu t  due 

t o  t h e  f i n i t e  bandwidth of t h e  opamp. PHASE.is computed by e s t ima t ing  

t h e  closed-loop bandwidth of the c i r c u i t  (FCL) by t h e  fo l lowing  

express ion:  

PHASE = tan-' (-FINPliT/FCL) , (176) 

VTZ ), and IF2IC1 where FCL = (AOL B2 + 1 )  / ( 2  TOL) , B2 = R3/ (R2 + R3 + IFZIC1 

is  a n  e s t i m a t e  of t h e  i n i t i a l  va lue  of IF2. It is  assumed t h a t  D l  and 

D2 a r e  i n i t i a l l y  o f f  and on, r e s p e c t i v e l y .  Af t e r  PHASE has  been com- 

puted ,  a  new e s t i m a t e  of IF2IC1 is made (IF2IC) by -VINPK s i n  (PHASE)/R~ 

(VINYK is  assumed nega t ive ) .  This  new e s t i m a t e  is  compared w i t h  t h e  o l d  

e s t i m a t e  t o  form t h e  convergence c r i t e r i a  of a n  i t e r a t i v e  loop. The 

i n i t i a l  v a l u e  of VO i s  assumed equa l  t o  -VT2 l n ( l . O  - IF2IC/IS2).  The 

i n i t i a l  v a l u e  o t  I F 1  is  assumed t o  b e  -1S1. Good e s t i m a t e s  of i n i t i a l  

cond i t i ons  a r e  impor tan t  i n  t h e  computation of VERORA and IERORA f o r  

small i n p u t  s i g n a l s .  VERORA and IERORA ( t h e  average e r r o r  of v o l t a g e  and 

c u r r e n t  ou tpu t  r e c t i f i e r s ,  r e s p e c t i v e l y )  a r e  given by t h e  fo l lowingequat ions :  

VERORA = (VOA - VOIDLA) 100%/~01DLA 

and 

IERORA = (IOA - VOIDLA) 100%/Vi ,LA 



where VOA and I O A  a r e  t h e  average va lues  of VRlRF and VIFlRF over  one . . 

r .  . .  . . . . ,  . .  . . . 
period of t h e  i n p c t  wavef om:. . . 

I n  t h e  s imu la t ion  of exponent ia l  d iodes ,  t h e  d iode  conductance is  
. . 

I . .  

given by 
. . VO - V R i  ' - ,  1 ) :  : . .  . . . i .  Isi ' ( E n  ( :.. : : : - .  

IF iP  - - VTi (-1) i+l 
Gi(VO - VRi) = VO-VRi 9 (178) 

(VO - VRi) (-1)I'l . .  . 

where V R i  = VF + R i  I F i  and i is 1 o r  2 .  The menory f u n c t i c n r e l a t i n g  
. 3 

I F iP  t o  IF i .  must . be  chosefi w i t h .  care.. ' For example. i f  a: de l ay  funct. ion . 

is  chosen, then '  t h e  d'elay time must be' chosen smill enough t b  prevent  . .  

i n s t a b i l i t y  of t h e  c i r c u i t  and i n s u r e  an  a c c u r a t e  r e p r e s e n t a t i o n  of t h e  

r e c t i f i e r  c i r c u i t .  ~ n f o r t u n a t e l ~ , '  a de lay  f u n c t i o n  can cause i n s t a b i l i t y  
, . 

of t h e  diode feedback loops  s i n c e  t h e s e  loops  do n o t  have any poles .  . . :  , -. 

For in s t ance ,  t h e  smal l  s i g n a l  loop t ransmiss ion  of a diode loop i s  

- Ri(1FiP.  (-i)i+l + I S i )  DELAY . 
T ~ i  - VTi 

. . . . 

For DELAY equal  t o  a  de lay  funct-io;, t h i  phase o£ T " i s  ' 
D i  

. s . . . . 
where TDELAY is  t h e  de lay  t i n e .  ' ~ e n c e , '  i f "   IT,,^ 1 = 1, the  kys t en '  w i l l  be  

uns t ab le .  Since IF iP  must go t,o zero f o r  a , s i n u s o i d a l  i n p u t  s i g n a l ,  IF iP  

m i  
m i : i s t  be less than - - I S 3  if t h e  lovp is to-be: s t a b l e .  For 

R 1  . . . . . .  .. . 

R 1  = R 2  = R3 and VTi = 26 mV, t h i s '  r e s t l - i c ~ s  Vinp t o  less than  26 n?V. 

I f  DELAY i s  a  r e a l  po le  i n s t e a d . o f  a  de l ay ,  t h e  d iode  1oo.p w i l l . b e  

s t a b l e  s i n c e  t h e  maximum phase of T  is -90'. I f  t h e  p o l e ' s  t ime con- pi 
. Z . 

s t a n t  is  TDELAY, then  t h e  close-lbok ' s e l l - s i g n a l  d iode  t r a n s f e r  func t ion  



1Fi , 
%i TDELAY 

Gi(S) = Go - Vf =(($,+Ri)( +Ri $ + l))-l , 
%i 

where RFi = VTI/(IF'~ ~~l) '"  + ISi). Neglecting reverse diode currents, 

the rectifier circuit's small-signal loop transmission with Di on is 

AOL Bo 

T ~ k t  ('1 (T*' s 's 1) (TOL s + I) (182) 

RFi TDElcAY 
where BO P ~3/(Ri + R3 + Si) and T2 = Ri + R3 + RFi' According to 

Pieree and P a u l ~ s , ~ ~  the phase margin of a second-order system is 

where 

T2 + TOL 
t; = , - -  -, -.- 

7 I n  
49 

2(T2 TOL (1 + AOL B~))"" 

Since PM is minimum when E fs rninimh, file worst ctlvc cuuddtien for 

stability with a given value of TDELAY is when 5 is minimized with 

respect to Rpi. Setting the derivative of 5 with respect to RFi equal to 

. zero, the critical vaiue of is found to be 

AOL ~3 (M + R3)(1 4 RI + K~ 
i ' 

%ic ( T I S E U ~ , $ , ~ ~ , O L ) '  AOL R3 ) - ' 

TOL + RI + R3 

or if AOL R3/(Ri + R3) >> 2, then 

TOL (Ri + R3 
%ic = m e u ~  + ToL) 



Computing 5 f o r  RFi equal  to ,  g rea te r  than, and less than $ic shows 

t h a t  5 is  minimum a t  RFic. Thus, the  minimum 6 is  

(TDELAY + TOL) (Ri + R3) ) 1 / 2 
'min ( TDELAY R3 AOL 

- (TDELAY + TOL) (Ri + R3) ) 1/ 2 
- (TOL TDELAY GBWP 2s R3 9 

where AOL R3/(Ri + R3) >> 2. Solving Equation (180) f o r  5 i n  terms of 

PK, and assuming t h a t  TOL >> TDELAY, TDELAY is given f o r  a spec i f i ed  PK 

or  6 by the  following expression: 

c (Ri + R3) ( 1  + tan2 PM)lI4 
R3 GBWP n t a n  PM 

To insure  accura te  representa t ion,  'min 2 1 o r  PM 2 76.35'. For 

ins tance ,  i f  GBWP = 1 MHz and R i  = R3, then TOELAY 5 0.318 ps, b u t  i f c  

R i  OC, then TDELAY ' 0.159 ps. 

Figurc 29 graphs the  resu l t s  of CSMP simulations o f  

r e c t i f i e r  c i r c u i t s  with R 1  = R2 = R3 = 2 KR and matched diodes with 

IS = 16 PA and VT = 26 mV. Figure 29(a) showsthat  the  t o t a l a v e r a g e  e r r o r  

i s  approximately inverse ly  proport ional  t o  opanp gain  and propor t ional  

t o  input  frequency i n  t h e  region of the  20 dB per decade r o l l  of f  of 

t h e  opamp gain  f o r  low input  voltages.  Also, t h i s  f i g u r e  i l l u s t r a t e s  

t h a t  a slew rate of 0.5 V/usec has l i t t l e  e f f e c t  on the  average e r r o r  

f o r  1 KHz input  s i g n a l s  above 0.08 V peak and no e f f e c t  below 0.08 V 

peak. The threshold input  vol tage  f o r  s l e w  l i m i t i n g  can be estimated 



(3) Computcd avcrage error. . .. 

F'igure 29. Error analys is ,  by delay method, :of' precision r e c t i f i e r  
with A o l  = 2 x 105, R 1  = R2 = Rj = 2K2, and matched diodes having Is = 
10 PA, and VT = 26 mV. 

' 
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(c) Computed 10 KHz peak error with GBWP = 1 ~ ~ z .  

Figure 29 (continued) 
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(d) Computed 1 KHz peak error with GBWP = 100 KHz. 

Figure 29 (continued) 



by assuming a second-order p iecewise- l inear  diode.  Then when both  

d iodes  a r e  o f f ,  t h e r e  is no nega t ive  feedback. I f  t h e  i n p u t  s i g n a l  is  

s i n u s o i d a l ,  then  

b0 ( 1  + jTOL wo) 
6. ( t )  = uOvin(t) = i~ = ~n AOL 

2 2 112 
SR ( 1  + TOL wo ) VIhTKs = 

AOL 9 

where w is  t h e  r ad i an  inpu t  f requency,  SR is t h e  s l e w  r a t e  l i m i t ,  and 
0 

VINPK is  t h e  maximum peak i n p u t  vo l t age  wi thout  s l e w  l i n i t .  Note t h a t  
S 

f o r  wo TOL >> 1, VINPKs = SR TOL/AOL = SRl(2n GBWP). Thus , - for  a n  

opamp having a GRWP of 1 MHz and a SR of 0.5 V/vsec, VINPKS 0.0796 V. 

Since  r e a l  d iodes  always conduct t o  some e x t e n t  e i t h e r  due t o  r e v e r s e  

s a t u r a t i o n  c u r r e n t  o r  j unc t ion  capac i tance ,  exp res s ion  (187) g ives  a 

conserva t ive  e s t ima te  f o r  VINPKs. The e f f e c t  of s lewing on r e c t i f i e r  

waveforms is  shown i n  F igure  30. I f  a second-order p iecewise- l inear  diode 

is  assumed, t h e  t i n e  r equ i r ed  t o  t u r n  D l  on and D2 o f f  i s  

o r  i f  wo TOL >> 1 and wo << 2n FCL, then 

where Vf l  = V f 2  - - 'in when D l  and D2 t u r n  on and o f f ,  r e s p e c t i v e l y ,  

wh i l e  V .  ( t  ) is the mean r i l t t  of change i n  Vi,(f) du r ing  t h e  t ime when i n  o 

D2 t u r n s  o f f  and D l  t u r n s  on. While TSR can  b e  used t o  e s t i m a t e  t h e  

e r r o r  due t o  s lew r a t e  l i m i t i n g ,  t h e  e s t i m a t e  may b e  o p t i m i s t i c  u n l e s s  
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1.7OOOOE-Ob 1.613'3 1 I I* 1 X 1 1.2451 
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I O.VBU80 
I 0.8UUIb 
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2.ZUOOOL-Ou 11.55sO2 1 I . . I A I O.bBV73 
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2.b000OE-04 O.IVS93 I 1 I A 1 0 . 1 7 0 8 ~  
~ . S ~ O O O E - O I  1.33a7r~-02 I 1 1 A I v.737lut 
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2.U0000E-04 -0.53118 1 I +* I I 1 -0.66919 
2.90000E-0b -0.71213 I I I I A I -0.h3lb2 
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3.20OOOE-04 -1.2251 I 1 *I I A I -1.ouuu 
3.30000E-Ob -1.3892 I I I I A 1 -1.2255 
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r.>oOOoE-01 -2.7~09 1 I a f. 1 I I -2.3322 
4.bUOOOE-04 -L.7+15 1 i i  +* I I 1 -2.3351 
b. IOOOOE-04 -?.7rbo I 6 1  o 8  1 1 i =C.CVM5 
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(a) VOIDEL, VERORT, and IERORT with no s lew limit. 

Figu re  30. One KHz performance, computed by d e l a y  method, of 
p r e c i s i o n  r e c t i f i e r s  w i t h  and wi thout  SR l i m i t s ,  A _ ,  = 2 x 105, , 
GBWP = 1 MHz, 

R1 
= RZ = R i ZIA, and malcllrd diodgk. 
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TIME 
0.0 
1 .00000E-05 
2.OOOOOE-05 
3.U'OOOOE-05 
4.00000E-05 
5.00UOOE-05 
6.000OOE-05 
7.OOOOOE-05 
d.OUOO11E-05 
v.U0OoOE-O> 
1.00000E-04 
I . l0OOUE-04 
1.2OOOOE-04 
l.3UOOOE-04 
l . u 0 0 0 0 E : 0 *  
1.511000E-04 
1 .60000E-04 
1.7UOOOE-04 
I.sUOoOE-04 
1.Vs000E-O* 
2.00OOOE-04 
2 .10000E-04 
2.2OOOOE-O* 
Z.301100E-04 
2 .4n000E-04 
Z.sOuOOE-04 
2.6IlOOOE-04 
2.IUUOOE-04 
2 . * 0 0 0 o E - 0 ~  
2.VOOO!E-04 
3.0000UE-04 
3.1l1000E-04 
3.20000E:04 
3.3000UE-09 
3.4000UE-O* 
3.50000E-04 
J.bOOOOE-04 
3.7OOOUE-04 
3.8UOOOE-04 
3.YOOOOE-04 
4.00000E-04 
4.10000E-04 
4.2UOOOE-04 
4.311000E:04 

. .4.40000E-04 
' .4 .50000€-04 

4.0UOOOE-04 
4.7OOOOE-04 
4.100011E-04 
4.YOOOOE-04 
5 .00000E-04 
5.10000E-04 
S.ZUOOOE-or 
5.3UOOOE-04 
5.4OOOOE-04 
5.5IIOUOE-O* 
5.6UOOOE-P* 
5.7UOOOE-04 
5.8UOOOE-U* 
s .90000E-0r  
6.000UOE-04 

(b) VF and VO with no slew limit. 

Figure 30 (continued) 



TIME 

0.0 * ~ * = V O I O E L  0.3200 
-40.00 *.I-VERORT 40.00 
-40.00 ~.*=IERO*l 40.00 

IERORT 
-2.09439E-05 a------------------I---------------.--r------------------l------------------ 

VERORT 

-13.~12 I a 
1 -3.2542 

1 .  I I 1 -31.073 
2.6934 I a I I *+ I I 2.1563 
2.7432 I 1 1 I *. I 
2.1020 1 

1 2.2867 
A 1 I *. I 1 2.3219 

2.7133 I ' I a  I *+ I I 2.3264 
2.bb7l I 1 a I *+ I 
2.6561 1 

I 2.3022 
1 A 1 I 

2.5320 1 
I 2.2bOb 

I 1 1. I 1 2.2043 
2.4452 1 1 I ' I 1 2.1338 
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2.2396 I I 1 .  L I 1 1.9610 
2.1~27 I I I a I 
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1 I i I 1 1.7541 
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1.5680 1 1 .  1 I X' 1 1.3180 
1.4125 1 I I 1 1 I 1.2423 
1.2199 I I 1. I a 
1.0858 I 

I 1.0PU7 
I 3. 1 Y 

b.PIr,"V I----.--.-;'-------I------------------I.-----------------l----------a------- 
1 0.95793 

0.73041 1 
1 0.80026 

I 1 I 
1 . . 0.55839 1 

* 10.64700 
I 

0.37600 1 
I 0.49035 

I I 
0.19b.3 

1 10.33131 
I 1 

1.25460E-02 
4 1 U.18185 

-u. 16YSY i I 1 X I b.05190E- 
I I 

-0.35285 1 ' 

X 1 -0.151ao 
1 I 
I . . -0.53200 1 

X 1 -0.31465 
I 

-0.71206 1 
X I -0.47250 

I *I I I I -0.b312V 
-0.68789 I------------------l-----------------.I------------------I----------a-------r 
-1.0596 I 

-0.706a8 
1 01 I A 

-1.2282 I 
i -0,936~5 

1 *I I a 
-1.3U05 1 

1 -1.0862 
I * I I a I -1.2281 

-1.sbai I 1 .*I I a 
-1.b986 1 

I -1.366U 
I .*I I X I -1.4982 

-1.8423 1 '  I I A 1  
-1.9701 . 1 

1 -1.6232 
I I X 1 I -1.7411 

-2.1071 1 1 I X I 1 .-la8548 
-2.2258 I I I a '  I .  I -1.9551 
-2.3354 1------------------1----------------.-1----a-------------1------------------1 -2.0480 
-2.4332 I 1 IA 1 I -2.1280 
-2.9214 I I I* I 1 
-2.5vuz I 

I -2.1v94 
I a .. 1 I 1 -2.2592 

-2.6052 1 . , I h +* 1 I 1 -2.3109 
-2.1100 1 1 A +*  I I 
-2.7416 1 

1 -2.3303 
a1 +* I I 

-2.7057 I 
1 -2.3355 

a I r *  I I I -2.297B 
-2.7072 1 X I .* I I I -2.1878 
-2.5327 1 A 1 I I I -1.8106 
-0.78125 r - - . - - - - - - - - - - - - - - -~ - - - - - - - . - - - - - - - - - - ,~ - * - - - - - - - - - - - - - - - - l - - - - - - - - - - - - - - - - - -~  
-2109438E-05 r 

1.6918 
I I 

-2.094395-05 8 
1 11.019 

I I 
-2.0'4439E-05 X 

1 0.5.004 
I 1 

-2.09439t-05 r 
1 0.45640 

I I 1 0.41425 
-2.09439E-05 I I I '  
-2sOV439E-05 

I 0.38722 
1 I 

-2.O9439E-03 L 
1 U?dbZlJ 

I 4 
-2.09439E-05 r 

I U.J.IC1 
I r 

-L.O9439E-OS a 
I O.IL0bl 

I b I 1 0.31182 
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( c )  VOIDEL, VERORT, and IERORT with Sl? = 0.5 V/psec. 

Figure 30 (continued) 
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(4) VF and VO wlth SR s 0,s V/vsec. . ' . 
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Figure 30 (continued) 



t h e  recovery behavior  of t h e  a m p l i f i e r  is  included i n  t h e  a n a l y s i s .  

That. is,. once E l  i s  . turned o f f ,  V remains above . t he  l i m i t i n g  va lue  f o r  
. , .. f  
3 .  . , . 
i ,per iod  of t i m e  : t h e  a m p l i f i e r .  'remains overloaded ., A measure : bf , t h i s  ' . .  :. ' .  . . .  .. - 

recovery  tine i s  known a s  t h e  s e t t l i n g  time ( t h e  t ime r e q u i r e d  f o r  t h e  
. . . .  

. . .  . . 

Out&t of an .opamp t o  reach a va lue  w i t h i n  a s p e c i f i e d  e r r o r  b o u n d  of 
. .  I . . , 

i t s  ' f i n a l  ; va lue  w i t h  a ; s t e p  ' input' signal.). ' Thi s  overload phenomenon 
. . ... 

a l s o  . . .  i s  known as  t r a n s , i e n t  inte&o,dulkt ion d is to , r t inn .  66 T h e  r c t o y e r y  - '  

. . .  

behaGior of t h e  opamp depends on t h e  open-loop frequency response of 
. . . . 

t h e  opamp and t h e  . feedback  network. .For more t n f o r m t i o n  on slew r a t e  ,. 
, . .  , . . . . . . . . .  6 .  ' 

'*recovery s e e  ~ e f e r e n c e s  66, 67, ,68, and 69. 'F igure  3 1  shows t h e  e f  f c c t s  

.o6 . : s e t t l i n g  t ime .on r e c t i f i e r -  waveforms; : m e  test appa ra tus  employed 

. . . .  
.to-:.ijhbtograph . . . . .  r e c t i f i e r  waveformk i s  shown i n  F igure  . . . . .  32. . . . .  . . 

. . .  1 . . . .  ( . . 
. .Figure 29(b) ,  ' ( c ) ,  and. (d) -on  pages 141  and 142 graph th?e peak . i .  ... . . ,. . . . 

- e r ~ o r s  - .  computed by t h e  de l ay  method. Note t h a t  t hese  e r r o r s  a r e '  much ,:' 
. . .  

. . 
less . than  ' those shoim i n  F igure  27(c) on 'page 126. This  is  due t o  t h e  

. . . . 
.phase .of VF w i t h  r e s p e c t  t o  ID1 'and VR1: fox a c i r c u i t  wftl.1 no frequency 

. . ' .  < 

.xesponse l i m i t a t i o n s ,  VF is ou t  nf phase w i t h  t h c  reecifler ou tpu t ,  b u t  
. . . . .  3 .  . . 

i t  is i n  quadra tu re  w,ith the .outpqt  f o r  w TOL >>-I .  Since  VF is  approxi- 
0 

mate ly  zero when t h e  output , ,a .nd, input  of  t h e  r e c t i f i e r  a r e  a t  t h e i r  peak . ' .  ..s. ? . .  . . .  

excurs ions  f o r  t h e  l a t t e r  ca se ,  t h e  peak e r r o r  must be  approximately 

ze ro  ( see  F igu re  30). But i n  t h e  former,  VF is  a t  a l o c a l  peak; there-  

f o r e ,  cons ide rab le  peak error can e x i o t .  

The method of i n t e g r a t i n g ,  i n t e g r a t i o n  s t e p  s i z e ,  and TDELAY can 6- 

i n f l u e n c e  t h e  r e s u l t s  of t h e  CSMP s imula t ion .  Choosing TDELAY t o o  

small w i l l  i n c r e a s e  t h e  CPU t ime of t h e  program. Also, choosing a s t e p  

s i z e  t oo  l a r g e  can  cause t h e  i n t e g r a t i o n  r o u t i n e  t o  d iverge ,  w h i l e  



Figure 31. Effects of opamp settling time on 0.1 V 100 KHz 
vavefo- of a ED300 diode rectifier with R2 - 00, Rx = i3 = 2 2, 
C3 = 0.2 pF, and an AD528JH opamp, (a) Vo with settling time 
compensation; (b) VR1 with settling time compensation; ( c )  Vo 
without settling time'campensation; (d) V R ~  without settling time 
compensation. Typical settling time to 0.1%: 800 ns [curves (a) 
and (b)] ; 2 ps [curves (c) and (ti)]. Horizontal scale: 2 psldiv. 
Vertical scale : 0.5 VIdiv [curves (a) and (c) ] ; 0.05 VIdiv 
[curves (b) and (d)]. 



ORNL- DWG 76- 19142 

X I  PROBE 
( 1  M a ,  5 0  pF) 

A v ~ l  * X I  PROBE 
'f f ( 1  Mi2 ,50 pF) 

I 

t 1 5 V D C  

- V0 * X I 0  PROBE 
( 10 M4187pF) 

(O . lpF  FOR SETTLING 
TIME COMPENSATION FOR 

0.22pF AD528JH OPAMP) 

- 1 5 V  DC 

Figure 32. Test apparatus employed t o  photograph r e c t i f i e r  
wclvefom. A Tekeitonix 535A oscil loscope with a 5 4 / 5 3 ~  plug-in dual 
channel ampli f ier  was employed f o r  oscil loscope photographs. The X 1  
probe w a s  disconnected from Vf while V R ~  and Vo were being photo- 
graphed. Rl, R2, and R3 a r e  wirewound r e s i s t o r s  (Daven type 1350). 
Circuft  was breadboarded on a Continental Spec ia l t i es  Proto Board 
model M3. C c l  and Cc2 a r e  22 pF f o r  AD528JH opamp, and 0 pF 
o themise  . 8 



choosing a  s t e p  s i z e  too small can r e s u l t  i n  round-off e r r o r  o r  

excessive CPU time. CSMF' o f f e r s  s e v e r a l  f ixed  s t e p  and v a r i a b l e  s t e p  

i n t e g r a t i o n  rou t ines ,  and the  author t r i e d  s e v e r a l  of these  rou t ines .  

Because of the  high degree of non l inea r i ty  of the  system, f ixed  s t e p  

i n t e g r a t i o n  is  impract ica l .  STIFF i s  by f a r  the  b e s t  i n t e g r a t i o n  r o u t i n e  

t h a t  i s  offered  i n  I B M ' s  CSMP 111. 6 4 s 6 5  STIFF i n t e g r a t i o n  i s  designed 

f o r  systems having widely separated poles  and i n  t h i s  system, has  much 

lower s e n s i t i v i t y  t o  maximum s t e p  s i z e  and much f a s t e r  CPU t i m e  than 

Runge Kutta in teg ra t ion .  Unfortunately, only Runge Kutta is ava i l ab le  

a s  a  canned double p rec i s ion  rout ine .  For average r e c t i f i e r  e r r o r s  

below 0.3%, round-off e r r o r  becomes s i g n i f i c a n t  f o r  STIFF in tegra t ion .  

But f o r  Runge Kutta t o  converge t o  an accuracy equal  t o  STIFF in tegra-  

t i o n  requ i res  s t e p  s i z e s  orders  of magnitude smal ler  than t h a t  used 

with STIFF i n  Figure 29 on pages 140-142. The maximum 

s t e p  s i z e  i s  equal t o  the  output i n t e r v a l  (PRDEL) which was chosen a s  

0.5% of the  period of the  input  s i g n a l ,  except f o r  the  case  where a  

s l e w  r a t e  l i m i t  was assumed i n  which a  PRDEL of 0.1% of the  input  

s i g n a l  period was employed t o  b e t t e r  r e so lve  the  spikes  of VF. 

I n  the  v a r i a b l e  s t e p  in teg ra t ion  rou t ine ,  two convergence c r i t e r i a  

may be  chosen f o r  each i n t e g r a t o r :  ABSERR and RELERR. I n  t h i s  method, 

a  complementary i n t e g r a t i o n  rou t ine  is employed t o  e s t ima te  t h e  i n t e g r a l  

(Ye). The s t e p  s i z e  is  reduced u n t i l  t he  computed i n t e g r a l  (Y ) meets 
C 

t he  following requirements o r  the  s t e p  s i z e  reaches t h e  lower l i m i t :  



Because of t h e . n o n l i n e a r i t y  of the  system, these  e r r o r  c r i t e r i a  must be 

chosen wi th  i:are. For ins tance ,  t h e  des i red  computational accuracy of 

t h e  diode c u r r e n t s  a r e  d i r e c t l y  given by RELERR and ABSERR of IF1 and 

IF2, but  t h e  accuracy of VO is exponential ly r e l a t e d  t o  t h e  accuracy of 

t h e  diode cur ren t s .  For ins tance ,  i f  VR1 ind  VR2 a r e  assumed zero, 

then the  e r r o r  i n  VO .(AVO) causes a r e l a t i v e  e r r o r  i n  I F i  of 

AlFi I Avo 
' I F i  VTi " 

Specifying ABSERR of VO (AVO) determines the r e l a t i v e  e r r o r  of I F i .  
* .  

However, a s  shown previously,  t h e  a c t u a l  e r r o r  of I F i  can be expected 

t o  c o n s i s t  l a r g e l y  of both a s c a l e  f a c t o r  and a DC e r r o r .  Choosing 

RELERR does not  he lp  s i g n i f i c a n t l y  s i n c e  VO is  approximately r e l a t e d  

t o  IFi logar i thmical ly .  Good choices f o r  ABSERR of VO a r e  
- 

VTi PceIFi max/IFi and VTi P where P and P a r e  the  des i red  r e l a t i v e  
CP . . ce , CP 

average and peak accuracies  of t h e  simulat ion,  r e spec t ive ly .  RELERR may 

chen be set t o  zero. Note t h a t  increas ing the  des i red  accuracy reduces 

t h e  CPU t i m e  up t o  a po in t ,  beyond which the  r e s u l t s  begin t o  diverge and 

t h e  CPU t i m e  increases .  

I n  add i t ion  to a f f e c t i n g  integrator accuraoioo, the  output  i n t e r v a l  

l i m i t s  r e so lu t ion  of peak values of rc?r.t.i.fier outputs .  For cxample, i f  
. . 

Vin is  sinusoidal and t h e  output i n t e r v a l  is PRDEL, then t h e  maximum 
. . 

r e s o l u t i o n  e r r o r  i s  
. . 

PRDEL 
P = 100% (cos(w -) - 1 )  

rP 0 2 

2 - -12.5% (wo PRDEL) . 



Since  t h e  i n t e g r a t i o n  s t e p  s i z e  w i l l  normally be  l e s s  than  PPJ>EL, a 

procedura l  subrout ine  can b e  placed i n  t h e  CSMP program t o  hold  the  

mximum . c o q u t e d  va lues  f o r  ou tpu t s ,  thereby subs t a n t i a l l y  improving 

. . . 
P . This ,was  no t  done f o r  any of t h e  coEputer r e s u l t s  presented  i n  

r P  

t h i s , d i s s e r t a t i o n  s i n c e  t h e  ' r e s u l t  of primary i n t e r e s t  is t h e  average 
. . 

e r r o r .  Pezk e r r o r s ,  'however, a r e  presented s i n c e  they w i l l  b e  of 
. , . .  . 

i n t e r e s t  t o  :some r eade r s .  

F igures  30 (pages 144-147) and .33 show r e c t i f i e r  waveforms .. . 
.. ., . 

comsuted by, t h e  ' delay  method; w h i l e  F igures  34, 35, and 36 show 
, \ .  

measured r e c t i f i e r  waveforms. The FD300 d iodes  have c h a r a c t e r i s t i c s  

s i m i l a r  t o ,  those  modeled i n  t h e  computer. a n a l y s i s .  , Kcreover, t h e  
. .. 

AD506LH . . opaip is  a n  FET i npu t  opamp having i n p u t  b i a s  c u r r e n t s  less 
. . 

than .  5  pA and inpu t  of £ s e t  v o l t a g e s  less than  1 . 0  m17 t o  minimize o'f f s e t  .. . . 

e r r o r s .  O t h e r ' c h a r a c t e r i s t i c s  of t h e  AD506LH a l s o  c l o s e l y  approximate 

t h e  computer model ( i . e . ,  AOL, = 120,000 and GBWP = 1 MHz wi th .  a s i n g l e  
. . . . . . 

po le ) .  Furthermore, s l e w  r a t e  e r r o r s  a r e  zero s i n c e  SR > 3 ~ / p s e c .  , 
- 

Comparing Figure  33(a)  and ( c )  w i th  F igure  34, F igure  33(d) and' (f ): wi th  

~ i g u r e  35, and Figure  33 (1) , (k) , (I), and (n) w i th  F igure  36 'shows . t h a t  
. .  : 
. . 

t h e  computer s imu la t ion  a c c u r a t e l y  p r e d i c t s  t h e  r e c t i f i e r  iiavefonps':at 

modeqa'te i npu t  s i g n a l  l e v e l s ,  Mote , t h a t .  t h e  r e l a t i v e  phase. between 

t r a c e s  on any of t h e  osc i l l o scope  p i c t u r e s  presented  i n  t h i s  . ,  . d i s s e r t a -  

t i o n  c,annot b'e compared s i n c e  t h e  t r i g g e r i n g  on each t r a c e  is  , .. . . ,  . . . 
. C .. 

independent.  For example, i n  F igure  36, t h e  phase r e l a t i o n s  among 

t r a c e s  C, D, E ,  and F a r e  approximately c o r r e c t ,  b u t  t h e s e  t r a c e s  a r e  

approximately oyt  o.f phase .+ th  A and, E.  Note - ,  e s p e c t a l l y  ... t he . . sp ikes  on 

VFand VR1 t h a t  a r e  p rpd ic t ed  wi th  good accuracy i n  rhe'c'ompu.ter r e s u l l s .  

Note a l s o  t h a t  t h e s e  s p i k e s  i n c r e a s e  i n  ampli tude a s e i t h e r  t h e  g i i n  o r  
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(a) VRlRF, VOIDEL, and VERORT a t  1 KHz with R2 = 2 KS1. 

F i g u r e  33. Perf enhance of' prec is ion t e c t i f  iers computed by delay 
method f o r  &f = 2 x 105, GBWP a 1 MHz, R1 = R2 - 2 Kn, and matched 
diodes, A l l  voltages Zn bV. 
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(b) VIFlRF, VOIDEL, and IERCRT at 1 KHz with R2 = 2 KQ. 

Figure 33 (continued) 
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(d) VKlRF, VOIDEL, and ~ R O R T  at 1 KHz with R2 = On. 

Figure 33 (continued) 
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(e) VIFlRF, VOIDEL, and IERORT at 1 IGIz with R2 = 052. 

Figure 33 (continued) 



(f)  VO and VF at  1 KHz with R p  = OR. 

Figure (continued) 



(g) VRlRF, VOIDEL, and VERORT at 10 KHz with R2 = 2 KS2. 

Figure (continued) 



(h) VLFI.RF, VOIDEL., and YERORT a t .  10 KHz with Rp = 2 I62. 

Figure 33 -(continued)' 



( i )  VO and VF a t  10 KHz with R2 = 2 W1. 

Figure 33 (continued) 



! j ) VRlRF, VOIDEL, and VERORT at 10 ,KIIz with R, = 00. 

Figure 33 (continu*) 



(k) ,VIFlRP,. VOIDEL, and. VERORT at 1 0  KHz with R2 = On. 

(continued) 



(1) VO and VF at LO KHz with R, = OR. 

Figure (continued) 



(m) VRlRF,  VOIDEL, and VERORT at 100 KHz with Rp 

Figure 33 (continued) 
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(n) VIFlRF, VOIDEL, and IERORT at 100 KHz with Rt = 2 m. 

Figure 
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(0) VO and VF at 100 KHz with R? = 2 m.. 

Figure 33 (continued) 
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(p) W R F ,  VOIDEL, and VERORT.at 100 KHz with.R2 = 0Q. 

Figure 3.3-' (contin~ed) 
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(q) VIFlRP,  VOIDEL, and VERORT at  100 KHz with R2 = OQ. 

Figuf e (cant inued ) 



(r) VO and W at 108 KHz with I$ = UI1. 

Figure 33 (continued) 



Figure 34. Experimental 1 KHz waveforms of a ED300 diode rectifier 
with R1 = R2 = R3 = 2 KQ, C3 - 2 pF, and an ADSO6LH opemp. (a) V+th 
Vinp 0.1 V; (b) Vo with V b P  10 mV; (c) Vf with Vill 0.1 V; 
(a) V, w i t h  vinp - 10 mv; (el ~ g l  with vinp = 0.1 V; (fP VU w i t h  vinp = 
10 mV. Horizontal scale: 0.2 ms/div. Vertical scale: 0.5 V/div 
[curves (a) and (b) ] ; 0.5 V/div [ m e s  (c) , (d) , (e) , and (f) ] . 



Figure 35. Experioental 1 KEz waveform8 of a FD300 diode rect i f ier  
w i t h  R1 - R3 = ? Im, R2 - 0, CJ - 2 pP, and an AD506LH opmp. (a) Vo 
with Vin = 0.1 V; (b) V, with Vbp = 10 mV; (c) Vf vith Vhp = 0.1 V; 
(d) Vf 4 t h  Vin = 10 oV; (e) Vm with V i n  = 0.1 V; (f) Vm with 
h n P  = 10 PV. b r i z ~ n t a l  scsle:  0.2 ms/dPv. Vertical scale: 0.5 vldiv 
[curves (a) and (b) ] ; 0.05 Vldiv [cumes ( c )  , ( d l ,  (el  , (f) 



'Figure 36. Experimental 10 KHz waveforms of a FD300 diode rectifier 
with R1 R3 2 6fCT, C3 = 2 VF, Vin - O . l V ,  and atr AD506LZI OP-. 
(a) Vo with Rz - 2 KG?; (b) V, with l& - Oil; (c) Vf with R, = 2 IUl; 
(d) Vf with R2 = 2 I(hl; (e) Vm with R2 = OQ; (f) Vm with R = 00; 
Borirontal scale: 20 ps/div. Vertical scale: 0.5 V/div fcurves (3 
and (b) ] ; 0.05 V/div [durves (c)  , (dl ,  (el, and (f ) ]  . 



frequency is increased, and tha t  the r a t i o  of spike amplitude to  peak 

output signal increases a s  the input s ignal  l eve l  decreases. Therefore, 

f o r  very low signal  levels ,  very high frequencies o r  very low opamp gain, 

the spike can exceed the desired peak s ignal  output thereby causing 

large er ror  f o r  peak detectors. The computer simulation and measurements 

show i n  Figures 30 (pages 144-147), 33 (pages 154-171), and 37 tha t  

spikes i n  the r e c t i f i e r  output a r e  substant ial ly  reduced, ff not 

eliminated, with a current output t ec t i£ i e r .  

Computed and e x p e r h n t a l  waveforms f o r  an asynnnetrical r e c t i f i e r  

a r e  pictured i n  Figures 33, 35, 36, and 37 f o r  comparison with a symmetri- 

cal r e c t i f i e r  as shown i n  Figures 33, 34, and 36. For the asparmetrical 

r e c t i f i e r ,  R2 = 0. These pictures show tha t  the waveforms f o r  the 

asymmetrical and symmetrical c i r c u i t s  a r e  essent ia l ly  ident ical ,  except 

fo r  Vo where a f la t ten ing  of the negative swing is evident for  the 

asyrnnetrical c i r cu i t .  

A s  shown i n  Figure 21(d) on page 91, both R 1  and R2 may be set t o  

zero when t rans is tors  a re  used a s  the rect i fying elements. Assuming 

idea l  t rans is tors  with a = 1, the delay method may be u t i l i zed  t o  com- 

pute r e c t i f i e r  performance. Figure 38 shows the average er ror  f o r  

R1 = R2 = 00. Note tha t  fo r  input voltages below 0.1 V the e r ror  is 
P 

essent ial ly  ident ica l  t o  that  with R1 = R2 = 2 KG j u s t  a s  predicted by 

the i t e ra t ion  method. Although Figure 38 shows lower er ror  a t  high 

input: voltages, the r e su l t s  a re  i n  doubt due t o  round-off error.  Round- 

off accuracy can be substant ial ly  improved by the d i r ec t  solut ion of a 

d i f f e ren t i a l  equation t o  be discussed next. 



Figure 37. Experimental comparison of 10 RHz and 100 KHz 0.1 Vp 
waveforms of W5087 Darlington transistor  and FD300 diode rec t i f i e r s  
with R3 = 2 Ul and an AD506LH opamp. (a) 100 KHz V I p l ~ ~  for  t ransistor  
r e c t i f i e r  with no R; (b) same as  (a) but 10 KHz; ( c )  same as  (a) but 
R = 14.7 KS1; (d) same a s  (c) but 10 KHz; (e) 100 KHz V R ~  f o r  diode 
r ec t i f i e r  with R2 = 052;(f) same as  (e) but 10 KHz. Horizontal scale: 
2 ys/div [curves (a), (c),  and (e)]; 20 fts/div [curves (b), (d), and (f) .  
Vertical scale: 0.5 Vldiv. 
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10-2 2 - 5  1 ? 5 109 2 5 10' 
. .PEAK INPUT VOLTAGE (V) 

Figure 38. Computed average error fox ideal-transistor rect i f ier  
with Is = 10 PA, Aol = 2 X 105,  and GBWP-= 1 MHz. 



Computer Simulation by Differential   qua ti on 

Computer simulation by the delay method employs two extra . . 

integrators to enable simulation of the transcendental equation. 

However, these extra integrators increase CPU time and round-off error. 

But for a symmetrical circuit at FINPUT > (2n TOL)-', a first-order, 

nonlinear differential equation may be written to find ID1 and ID2. 

Using the circuit sinpliflcation shown in Figure 26(b) on page 118 

wh,ere the reverse diode currents are neglected, R1 = R2, and assuming . 

mtched diodes, the following procedure can be employed to derive a 

differential equatioc. From.Equatj.on (120) on page on page 89, 

-1 VJ? - Vo - VR1 = VD1 = VT sinh 
(2 gj , 

where I = (VF - VIN)/R3. Differentiating the above equation, one in 

obtains 

where'Z = (VF - VIN)/(2 R3 IS). Using the high frequency approximation of 

AOL *OL to = = -  AOL VF 
Substituting VR1 = 

R1 ( R 3  + R1) "F - -"IN 
1 +  TOLju TOLjw' TOL R3 R3 

and the above approximation for i0 into Equation (193) and cnllecting 

terms, the following differential equation results: 

i < AOL 2 R3 IS = -VIN --.-.- VT + 2(R3 + R1) IS) + Z 2 112 
(1+z) 

TOL 

R 3  + R1 - VIN R3 

This equation is easily solved with CSMP by the following expression: 



(R3 + R1)) AOL SQRTZ -K(VIFRF + V I N  + VIN2 
AOL R~ DVIFRF = 

TOL (VT + 2 (R3 + Rl) IS  SQRTZ) 9 

2 112 SQRTZ = ( 1  + Z ) , 

and 
t 

VIFRF = I DVIFRF dX + VIFRPI , 
0 

where K = 2 R3 IS ,  VIFRFI = VIFRF a t  t = 0,  VIN2 = ;IN, and VIPW = VIF~RF' 

and VIF2RF when V I E W  is p o s i t i v e  and negative,  r e spec t ive ly .  VF, VO, and 

VR1 a r e  e a s i l y  obtained us ing t h e  fol lowing eypressioqs: 

VF = VIIt + VIFRF 

and 

R 1  
VO = VF + VIFRF 3 + VT I n  (Z + SQRTZ) . 

For l a r g e  I Z  I ( I Z  I > 1000), replac ing Z + SQRTZ wi th  Z + I Z  I + 0.51 1 z 1 
w i l l  r c a u l t  i n  improved qr.curacy p a r t i c u l a r l y  i f  Z << 0. A computer 

program using these  equations is  l i s t e d  i n  Appendix C.  

The average e r r o r  of a t r a n s i s t o r  r e c t i f i e r  wi th  R 1  = 0 and a = 1 

a s  computed by the  d i f f e r e n t i a l  equation method i s  graphed i n  Figure 38 

on page 177 along with t h e  e r r o r  a s  computed by the  delay method f o r  com- 

parison.  This graph shows t h a t  both techniques g ive  e s s e n t i a l l y  the  same 

re~~i1t.c; f n r  rect i f ier  e r r o r s  above 0.3%, but  f o r  lower e r r o r s ,  the  

d i f f e r e n t i a l  technique y i e l d s  super ior  r e s u l t s .  I n  f a c t ,  t he  

d i f f e r e n t i a l  method gives accura te  r e s u l t s  down t o  r e c t i f i e r  e r r o r s  of 
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0.03% beyond which round-off error becomes significant (both graphs were

computed with STIFF integration).  Moreover, double-precision Runge

Kutta integration can be used since there is only one pole.  To discover

the effects of the integration routine and step size on computed

rectifier accuracy, stiff, double-precision Runge Kutta (DKSDP), and

single-precision Runge Kutta (RKS) integration were used to simulate the

1 KHz 0.3 Vp performance.  With PRDEL = 5 Asec, IERORA is -0.1174%,

-0.04188%, and -0.02609% for STIFF, RKS, and RKSDP integration,

respectively.  With PRDEL = 2.5 usec, IERORA is -0.1182% and -0.08264%

with stiff and RKS integration.  Reducing PRDEL further to 1 usec chuses

IERORA to be -0.09675% with RKSDP integration.  This indicates that a

larger PRDEL can be used with stiff integration without changing the

results significantly.  Also, PRDEL should be less than 1 Usec when RKSDP

integration is employed.  Surptisingly, the CPU time was essentially

independent of PRDEL for both STIFF and RKSDP integration, RKSDP taking

about 30% more CPU time than STIFF.

Figure 39 shows the rectifier waveforms for a 0.1 V  input signal as
P

computed by both delay and differential equation methods.  This shows

that there is little difference between the waveforms computed by these

two methods.  Comparing Figure 39 with Figure 33(a), (b), and (c) on

pages 154, 155, and 156 where Rl = R2 = 2 Kn show them to be very similar

except the estimate for PHASE was poorer for the former causing a

cosinusoidal component of IERORT.

Error Analysis of the Darlington Transistor
Rectifier Circuit

The Darlington rectifier, as shown in Figure 21(e) on page 91, is a

modification of Figure 21(d) on page 91 which the author designed to
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(b) VF and VO computed by differential equation method. 

Figure.39 (continued) 
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( c )  VOTDFL and IERORT computed 'by delay method. 

Figure 39 (continued) 
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(d) VF and VO computcd by delay method. 

Figure 39 (continued) 
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overcome the error limitations imposed by the current dependence of a

for real transistors.  Three different computer simulations will be

presented:  the first using the delay method and a simple power law

model for HFE(I), the second using the base-emitter capacitance of Q2

to write a differential equation, and the third using a three-term

power-law model for HFE(I) and includes all hybrid-pi transistor

capacitances and reverse saturation collector currents.

Delay method.  The delay method can readily be applied to the

Darlington rectifier if R is neglected.  The simplified expression for

HFE(I) is utilized as follows:

M
HFE(I) = HFE0(I/Io)

· (197)

To simulate the Darlington rectifier, two quantities must be known:  the

composite base emitter voltage and collector current (Ic) as a function

of IFlP.  From Figure 40(a), the composite collector current is derived

in the following manner:

I  =I +I' = IFlP a (198)C   Cl Cl lD '

where

HFEl''      HFEl +al              1 + HFEl'
alD - (al   1+ HFEl 

=
1 + HFEl

An expression can be derived for IFlP as follows:  first equations are

written for IFlP and IFlP' ( ' applies to Ql') in terms of their

respective base-emitter voltages:



(a) Simple Darlington transistor used In delay method 
simulation. 

(b) Circuit used to  simulate Darlington transistor rec t i f i er  
by CBE2 d i f ferent ia l  equation method. 

Figure 40. Circuit ruoJelv used to  sirnulaze the Uarlington transistor 
rec t i f i er  . 
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(c)  Circuit used i n  advanced simulation. 

Figure 40 (continued) 
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IFlP = IS1(exp (VBEl/VT1) - 1)

and (199)

IFlP' = ISl- (exp (VBEl'/VT1') - 1) = IFlP/(1 + HFEl) .

Solving the above expressions for base-emitter voltages and assuming

matched transistors, VO - VRl is

IFlP IFlP
VO   -   VRl   =   VT1   ln( (-  +   1) ( + 1)) , (200)ISl ISI (HFEL + 1)

or

(- + 1)  + HFEl (- + 1) = (HFEl + 1) exp (
IFlP     2 IFlP VO - VRl
ISl ISl VT1

Because IFlP/ISl >>1 except when Ql is turned off, the second term of the

above expression can be neglected.  Substituting Equation (197) for HFEl

where I is IFlP + ISl and HFEl >> 1, the following expression for IFlP

results:

-M (2 M) VO - VRl
Iplp = (IS12 HFEo(IFIPI + ISI) ) exp((2-M)VTI) - ISI . (201)

Since Equation (201) is strictly valid only for IFlP >> ISl, it must be

modified to approximate IFlP down to -ISl.  The arbitrary modifications

to Equations (198) and (201) chosen for the simulation were:

HFEl = BETAl = HFEO (      I        )
IFlP + 2 IS1DAR M

0

HFEl' = BETAlP = HFE ( ) , (202)
IF1 + 2 IS1DAR M

o    Io(BETAl  +  1)
and

IFlP = IS1DAR (exp( )  -  1)  ,
VO - VRl
(2-M)VT1

where IS1DAR = (IS12HFEcjI0)  )-M CSM)
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A CSMP program was written using expressions (120) to compute the

average error of a 2N5087 Darlington transistor rectifier.  This program

is listed in Appendix C.  To determine the constants of HFE(I), HFE at

0.01 and 0.1 MA were obtained from the typical HFE curve for a 2N5087

-M
transistor as shown in Figure 41.  HFE I was determined to be 8400

0  0

while M was found to be 0.301.  Figure 42 graphs the average error as

computed by this program.  Comparing this graph with Figure 38 on page

177 shows that the Darlington rectifier has approximately 40% more error

than a single transistor rectifier with a=l a t input signals below

0.1 V ; however, the delay method gives lower error values for the
P

Darlington rectifier at input signals above 1 V .  Comparing the rectifier

waveforms for the Darlington rectifier in Figure 43(c) and (d) with those

for the single transistor rectifier shown in Figure 39 on page 181 shows

that IEROR has a larger negative spike of longer duration for the

Darlington rectifier.  Also, VO and VF are asymmetrical for the Darlington

rectifier.  Symmetry can be restored, of course, by making Q2 a Darlington

transistor.

CBE2 differential equation method.  A limitation of the delay method

is that it does not accurately represent the stray reactances of the

circuit.  If Rl and R2 are combined as one resistor as was done in the

differential method on page 178, both delay poles may be replaced by CBE2,

as shown in Figure 40(b) on page 186.  A simple differential node equation

describes the effect of CBE2 as follows:

VF - VIN = IFl + IF2 + CBE2 (VO - *Rl) (203)
R3

Substituting VF = VR1 - Rl (IF1 + IF2) and solving Equation (203) for VRl

yields the following solution:



2 
ORNL-DWG 

I 1  1 1 1 1 1  1 2  -- 

---*--- TYPICAL HFE WHERE HFE2 = 520 - HFE = i / i x  riN + Y + Z) 

0.2 
WHERE X=3.156 x Yz6.133 x 
Z=-0,003895, N=0,2536, AND 

Figure 41. Typical nFE for a215087 transistor., 
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PEAK INPUT VOLTAGE ( V )  

Figure 42. Computed average error of Darlington transistor 
rect i f ier  with approximate HFE for 2N5087, A,1 = 2 x 105, GBWP = 1 PMz, 
Rl = R2 = On, and Rj = 2m. 
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4.00000E-Ob 0.18865 1 1 .  1 1 I 

I I 
I ':. i I. I I 5.87.788E-02 
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Q.00000E-0b -1.28731E-01 I I 1 I 1 1 1 I I 0.0 
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9.30000E-Ob -1.28727E-Ob . I I 1 I - I  I 1 I I 0.0 
9.40000t-01 -1.28725E-ub . I I I I 1 I I I I 0.0 
9.5OOOOE-Ob -1.ZR722E-OI I 1 I I I I I 1 1 0.0 
9.6Obbb€-Ob -1.287lnE-Or I I I I I I I 0.0 1 .  I 
9.7OOOOE-Ob -1.2B713E-Ol . - - - - - - - 1 - - - - - - - 1 - - - - - - - ~ - - - - - - - ~ - - - - - - - -  0.0 
9.8OOOOE-Ob -1.28703E-06 I I 1 I I I I I 1 0.0 
9.9OOOOE-01 -1.28bBOE-04 I I I I 1 I I I I 0.0 
1.00000E-03 -1.28567E-06 I I I I I I 1 1 I 0.0 

(a) VOIDEL and IERORT with CBE2 = 7 pF. 

Figure 43. Computed performance of a Darlington r e c t i f i e r  with 
proximate HFE for  2155087, Aol = 2 x 105, GBWP = 1 MHz, R1 = R2 = 00 
d R3 = 2 m. 
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(d) VF and VO with Tdelay = 0.1 psec. 

Figure (continued) 



t 
VRp = I CVR d t  + VRPIC , 

0 

CVR = (VIN. - VRl + (IF1 + IF2) (R1 + R3))/(P-3 CBE2) , 

and 

These equations can r e a d i l y  b e  appl ied  t o  e i t h e r  diode, t r a n s i s t o r ,  o r  

Oarlingeon t r a n s i s t o r  r e c t i f i e r  c i r c u i t s .  A C S U  computer program using 

t h e  above equations t o  s imulate a Darl ington r e c t i f i e r  i s  l i s t e d  i n  

Appendix C. 

The average e r r o r  and r e c t i f i e r  waveforms f o r  a Darl ington 

r e c t i f i e r  a s  computed by Equation (204) a r e  shown i n  Figures 4 2  and 

43(a)  and (b). From Figure 42 i t  is  shown t h a t  using CBEZ gives  s l i g h t l y  

h igher  e r r o r  than t h e  delay  simulat ion.  Also, round-off e r r o r  occurs 

more abrupt ly  f o r  CBEZ d i f f e r e n t a l  method. The waveforms f o r  both .. . 
techniques a r e  e s s e n t i a l l y  t h e  same a t  10 mV peak input  s i g n a l .  

Advanced a n a l y s i s .  The d i f f e r e n t i a l  equation technique can be 

expanded t o  inc lude  a l l  hybrid-pi capacitances a s  w e l l  a s  c o ~ p l e x  inbdels 

f o r  HFE(1). The complete c i r c u i t  t o  be simulated is shown i n  Figure 

40(c) on page 187 (CSW program l i s t e d  i n  Appendix C) . 
I n  the  computer s imulat ion,  d i f f e r e n t i a l  equations a r e  w r i t t e n  t o  

. . 
inc lude  t h e  e f f e c t s  of t r a n s i s  t o r  capacitances.  F i r s t ,  a node equation 

i s  w r i t t e n  f o r  node number 1: 

IElP = I R  + I B 1  + I C O B l  +.ICBEl - ICBElP , 

where 



VBElP 
IElP = IS lP  (exp(-) - 1 )  , VT l P  

I C O B l  = COBl  ( b ~ l  + b ~ )  , 

ICREl = CBEl b3~1 , 

and 

Making use of t h e  f a c t  tha't VBElP = VO - VF - VBE1, Equat ion (205) can 

b e  solved f o r  'I'BEl: 

where 

VVREl = 1 DIElP d t  , 

DIElPP - IElP - I B 1  - IR 
DIElP = SUMC - SUMC 9 

and 

SUMC = CBEl + CBElP + C O B l  . 

Next a node equat ion  f o r  node number 2 can  be  w r i t t e n :  

where 



I 3  = (VIN- VF) /R3 , 

IF1 = I E l  + ICBEl + I R  , 

VFP = VF - VO , 

axid 

ICBE2 = -CBE2 CFP . 

Fina l ly ,  t h e  output  cu r ren t  (IC) i s  given by t h e  following expression: 

I C  = IE1 a l  + IElP alp + ICE01 + ICEOlP - I C O B l  - ICOElP , 

where 

ICGBlP = COBlP if0 . 

I n  t h i s  s imula t ion  a fourth-order expone-ntial equation i s  employed 

t o  model IIm; i .e. ,  

A computer program designed t o  compute t h e  cons tants  of t h e  above 
. . 

express ion as w r i t t e n  by  erns stein" was incorporated i n  t h e  CSMP 

simulat ion.  To compute these  f i v e  cons tants ,  f i v e  da ta  po in t s  of t h e  

f o w  (I i ,  Bi) a r e  spec i f i ed  on two parameter cards .  B i s  Hm a t  i 

c o l l e c t o r _  cur ren t  Ii. The f i v e  da ta  po in t s  a r e  defined a s  follows: 

1. I is t h e  minimum cur ren t  of i n t e r e s t .  1 

2. I is  a cu r ren t  less than I bu t  g r e a t e r  than I1. 2 P 

3. I i s  t h e  cu r ren t  a t  which H i s  maximum. 
P FE 



4. I is  a c u r r e n t  g r e a t e r  than  I b u t  l e s s  than  14. 3 F 

5. I is  t h e  naximum c u r r e n t  of i n t e r e s t .  4  

Usual ly b e t t e r  r e s u l t s  a r e  obta ined  when I and I4 a r e  widely separa ted  
1 

from I . F i n a l l y ,  I and I .  must be  nonnegative t o  i n s u r e  a r e a l  H 
P 1 FE' 

Data p o i n t s  taken from t h e  t y p i c a l  curve of a  2N5087 t r a n s i s t o r  a s  

graphed i n  F igure  41  on page '190 were used i n  t h i s  s imu la t ion .  The d a t a  

p o i n t s  chosen are l i s t e d  i n  t h e  program i n  Appendix C. The r e s u l t a n t  

equat ion  and i t s  curve nay a.lso b e  found i n  F igure  41. Note t h a t  t h e  

equat ion  f i t s  t h e  d a t a  t o  w i t h i n  15%. 

The r e s u l t s  of t h e  advanced s imu la t ion  f o r  a  1 KHz i npu t  s i g n a l  and 

GBWP = 1 PlHz a r e  shown i n  F igures  44 and 45. I n  t h i s  s imula t ion ,  a s  i n  

a l l  t h e  advanced s imu la t ions  of Dar l ing ton  t r a n s i s t o r s  presented  i n  t h i s  

work, a l l  t r a n s i s t o r  capac i tances  a r e  assumed t o  be  7 pF. F igure  44(a)  

and (b) d e p i c t  t h e  average e r r o r  f o r  R = 1 GQ and.14.7 KQ. Note t h a t  t he  

average e r r o r  changes p o l a r i t y  w i th  inpu t  v o l t a g e  f o r  R = 1 GQ. The 

p o s i t i v e  e r r o r  a t  low inpu t  vo l t ages  is  due t o  charge  s t o r a g e  i n  CBEI. 

When Q1P is turned o f f ,  CBEl must d i scha rge  through t h e  h igh  r e s i s t a n c e s  

of t h e  base  of Q 1  and t h e  reverse-biased base-emi t te r  j unc t ion  of Q 1 .  

This behavior  i s  i l l u s t r a t e d  by both  computed waveforms (F igure  45) and 

experimental  waveforms (F igure  46) of VBE1. T e s t  -appara tus  used t o  

measure Dar l ing ton  r e c t i f i e r  performance 'is i l l u s t r a t e d  i n  F igure  47. 

This  charge s t o r a g e  e f f e c t  a l s o  causes  t h e  peak r e c t i f i e r  e r r o r  t o  change 

p o l a r i t y  twice as t h e  inpu t  i nc reases  ( F i g w e  b 4 ( c )  and (d ) )  when 

R = 1 GQ. L e t t i n g  R = 14.7 KQ provides  a d i scha rge  pa th  f o r  CBE1. As 

ohow11 ir.1 both computed and experfmental waveforms (F igures  48 and 4 9 ) ,  

VBEl goes t o  zero when Q1P i s  turned o f f ;  i . e . ,  CBEI i s  d ischarged .  Note 
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5 lo-' 2 5 ,(j-- 1 2 5 loO 
PEAK INPUT VOLTAGE ( V )  

(a) Logarithmic plot of tarai theure tical averagc err o r .  

Figure 44. The 1 KHz erformance of Darlington 2N5087 transistor 
rectifier with Aol = 2 109, GBWP = 1 KHz, R1 = R2 = OR, and Rj = 2 K i l .  
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(b) Linear plot of total theoretical average error. 

Figure 44 (continued) 
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2 5 l o - "  2 5 4 0' 
PEAK INPUT VOLTAGE ( V )  

(c) Logarithmic plot of total  theoretical peak error. 

Figure 44 (continued) 
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(d) Linear plot of total  theoretical peak error. 

Figure 44 (continued) 



( e )  Nonlinear error voltage with R = L C4. 

Figure 44 (continued) 
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PEAK INPUT VOLTAGE (V) 

'@. COMPUTED I 

( f )  Nonlinear error voltage with R = 14.7 IC2. 

Figure 44 (continued) 
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PEAK INPUT VOLTAGL ( V )  

(g) The change *in total average error voltage when R is 
increased from 14.7 IW to 1 GR. 

Figure 4 4  (continued) 



(a) VIFlRI?, VOIDEL, end 1EN)RT with Vinp.= 10 mv. 

Figure Computed M z  wavef o m s  Carlington 
transistor rectifier with R = R2 = OR, R -  = 2 IG2, R. = 1 GR, A = 
2 x 105, and GBWP = 1 EMz. '~11 voltages 2n pV unless specifie8 
otherwise. 



4 . 0 n 0 0 0 ~ - 0 5  3 . 8 5 7 1 4 ~  05 1 I I 1.  T 
9.00000E-05 6.10059E 05 1 I I XI.  I 
1.0"000E-01 6 33q8,,E 05  1------.-----------1--------------.-+------------------"-.----------------1 
l.lOOOOE-06 4.58340E 05 1 I I I .  I 
1 . 8 0 0 0 0 ~ - 0 4  6 . 8 3 2 3 2 ~  05  1 1 I X r  I 
1.30000E-nb 5 .0866rE  05  1 I 1 I : .  I 

(b) VO, VF,  and V B E l  w i t h  Vinp = 10 mV. 

F i g u r e  ( c o n t i n u e d )  



( c )  VIFlRF, VOIDEL, and IERORT with V = 0.1  V. 
inp  

Figure,  45 (continued) 



(d) VO, VF, and VBEl with V = 0.1V. 
inp 

Figure (continued) 



Figure 46. m e r h e n t a l  1 KHz waveforms of a Darlington 2N5087 
transistor  r ec t i f i e r  with R and R2 = On, Rg = 2 Kn, Cg = 0.15 pF, no R, 
gld a. AD506la o p e .  (a) % - Vo with Vinp - 0.l-V; (b) Vf - VBBl with 
V i ,  - 0.1 V; (c )  Vf - Vo with Vinp - 10 mV; (d) Vf - V p with Vinp - 18 mQ; (el V ~ ~ l a p  with Vinp - 10 mV; ( f )  V l p ~  with = 0.1 V. 
Horiaontal ecrtle: 0.2 rns/div. Vertical ecale: 0.5 V/div [ourves (a), 
(b) , (c) , and (d) ] ; 0.05 V/div [curve (f) ] ; 0,005 V/div [curve (a)] . 
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(a) Equipment used t o  make oscilloocope photographs. A Tektronix 
535A oscilloscope wit11 a 54/53C plug-%ti, dul-channel amplifier 
was employed fo r  oscilloscope photographs. The X 1  anct XI0 
probes pfeaent loads of 1 Mn - 50 pF and 10 Mn - 7 pF 
respectively. The FET conanon drain buffer was ut i l ized t o  
measure VBEl without loading the c i r c u i t  and is not part  of 
the r e c t i f i e r  circdt.  R3, Q, ancO Rg are wirewound resisLoru 
(Daven type 1350), while R is metal film. RL = 2 Kn was 
employed except where V b  = 19 mV, RL = 20 Kn vae employed t o  
overcome the limitation o ! the oecilloscope's l o w  sensi t ivi ty.  
Although the c i r c u i t  was constructed on a double sided PC 
board, waveform are unchanged when the c i rcu i t  is breadboarded 
on a Continental Specialties Proto Board . 8 

Figure 47. T e s t  apparatus used t o  measure the performance of a 
Darlington t rans is tor  r ec t i f i e r .  
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(b) Equipment employed to  measure r e c t i f i e r  accuracy. The reference 
r e c t i f i e r  i s  a Darlington 2N5089 t r ans i s t o r  r e c t i f i e r  with an 
AD528JH opamp, while t he  t e s t  r e c t i f i e r  i s  a Darlington 2N5087 
t rans i s tnr  r e c t i f i e r  with an AD506LB o g m g ,  No R is used wi th .  
the  reference r e c t i f i e r .  A Kiethley d i g i t a l  voltmeter (model 
180) was used t o  measure the  e r ro r  voltage,  while a Hewlett- 
Packard d i g i t a l  multimeter (model 349011) monitored the  input  
voltage.  I n  order t o  reduce e r ro r s  due t o  noise,  twenty . 
consecut$ve readings were taken with the  Kiethley DVM s e t  fo r  
longest in tegra t ion  period ( ~ 5  sec).  These twenty data  points 
were then averaged using the  HP45 ca lcu la to r ' s  averaging 
program. 

t 

t 

Figure 47 (continued) 
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(a) VIFlRF, VOIDEL, and IERORT with V = 10 mV. 
inp 

Figure 48. Computed 1 KHz waveforms of a Earlington 2N5087 - 
transistor rect i f ier  with R1 = R2 = 052, R3 = 2 IU?, R = 14.7 IU?, 
AO1 = 2 x lo5 ,  and GBWP = 1 MHz. A l l  voltages in  pV unless specified 
otherwise. 



Figure 48 (continued) 



( c )  VIFlRF, VOIDEL, and IERORT with V = 0 . 1  
inp 

VOIOEL 
0.0 

5072.5 

Figure. 48 (continued) 
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(d) VO, V F , V B E l w i t h V  = O . l V .  
b p  

Figure (continued) 



Figure 49. Experimental 1 KHz waveforms of a Darlington 2N5087 
transistor  r e c t i f i e r  = On, R3 2 Kn, C - 0.15 yFLR= 14.7 
Kn, and an AD506LH o p a m ~  - Vo with Vi, = 0.1J; (b) Vf - V B E ~  
with V i n  I 0.1 V; (c) Vf V h p  = 10 m%; (d) Vf - VBEl with 
'inf = 18 mV; (e) VIFIRp = 10 mV; ( f )  V I p ~  with Vlnp ' 0.1 V* 
Hor zontal scale: 0.2 scale: 0.5 Vldiv [curves (a), 
(b) , and (c) ] ; 0.05 VIdiv [curves (d) and ( f )  ] ; 0.005 Vldiv [curve (e) ] . 



t h a t  except f o r  Vo where R = 1 GR and 10 mV input ,  t h e  agreement between 

experimental and ca lcula ted  waveforms is  very good. The discrepancy is  

expected f o r  two reasons. . F i r s t ,  CBE of r e a l  t r a n s i s t o r s  is dependent 

on emitter cur ren t ,  while a constant  CBE was used i n  t h e  simulat ions.  

Secondly, t y p i c a l  values were used f o r  HFE and capacitances,  ins tead of 

measuring them f o r  t h e  a c t u a l  t r a n s i s t o r s  used. Probably a more 

appropr ia te  value of C would be 2 o r  3 pF ins tead of the  worst case  ob 

value of 7 pF. The values of Cob and CBE determine where t h e  e r r o r s  

change p o l a r i t i e s .  

A s  a f u r t h e r  inves t iga t ion  of t h e  accuracy of t h e  simulat ion,  t h e  

non l inea r i ty  of t h e  average output was both measured and computed. 

Figure 47(b) shows the  measurement scheme. Because an AC voltmeter  

having s u f f i c i e n t  accuracy (0.005% o r  b e t t e r  a t  1 v o l t  peak) was not 

ava i l ab le ,  another Darlington r e c t i f i e r  was employed a s  a voltmeter. An 

assumption was made t h a t  increasing t h e  opamp gain increases  t h e  accuracy 

of the  r e c t i f i e r .  Hence the  output of a r e c t i f i e r  having an AD506LH 

opamp and a 2N5087 Darlington t r a n s i s t o r  was compared with t h a t  of a 

r e c t i f i e r  having an AD528JH opamp and a Darlington 2N5089 t r a n s i s t o r .  

A n  absolute  c a l i b r a t i o n  was not  made because of the  0.5% tolerance  of 

the  r e s i s t o r s  (Daven wirewound r e s i s t o r s ,  s e r i e s  1350). Ins tead t h e  DC 

d i f fe rence  i n  the  outputs  of the  two r e c t i f i e r s  was recorded versus  

input  vol tage  a t  1 KHz (TIID .: 0.152) . Then t h e  nonlinear e r r o r  (En,.) 

was a r b i r r a r i l y  assumed zero f o r  peak ingu t .vo l t ages  of 10 mV and 1 V 

f o r  both experimental and ca lcula ted  e r r o r s  causing E a s  shown i n  n l  

Figure 44 on pages 204 and 205 t o  have a l i n e a r  componenr. ¶it! e r r o r  vol tage  

re fe r red  t o  the  input  is given by 



DELVIF = EL + ENL , 

where 

Given two p a i r s  of va lues  of-ELi and V ( i=1,2) ,  M and B a r e  found t o  
inp, 

and 

Using Equations (210) and (211) wi th  Vinpl and Vinp2 of 10 mV and 1 V, 

r e spec t ive ly ,  ENL was obtained f o r  R = 1 GS1 (Figure 44(e) 'on page 204) 

and k = 14.7 Kfl ( ~ i g u r e  44(f )  on page 205). Note t h a t  f o r  inpu t s  between 

10 mV and 1 V, t h e  computed and, measur~d  F agroc aurps is lugly  w e l l  tor 'NL 

R = 1 a, b u t  poorly f o r  R = 14.7 KQ. 

The poor agreement f o r  R = 14.7 KQ can b e  explained i n  the  following 

manner. From.Figures 48 and 49, VBEl shows t h a t  a t  low c u r r e n t s  almost 

a l l  of the  output  cu r ren t  goes through R and QlP, .while a t  high cur ren t  

most of the  o u t p u t , c u r r e n t  i s  suppl ied  by ,Q1. This  i .ndica tes  t h a t  R may 

redvce the i n c r e ~ a c  i r r  H- obta inable  by the Uarlington conf igura t ion .  FE 

Indeed, t h i s  is v e r i f i e d  by Figure 50 which shows t h e  10 mV 1 KHz 
P ' 

average e r r o r  versus  GBWP. This graph d e p i c t s  an approach t o  a minimum 

e r r o r  f o r  R = 14.7 KQ a s  GBWP approaches 10 MHz, while t h e  e r r o r  f o r  

R = 1 GQ shows no s i g n  of approaching a minimum e r r o r .  A f u r t h e r  indi-  

c a t i o n  of t h e  h igher  HFE dependence of r e c t i f i e r  e r r o r  wi th  R = 14.7 K61 
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GBWP (H7)  

Figure 50. Computed 1 KHz accurac of a Darlington 2N5087 transistor 
rect i f ier  versus GBWP with Aol = 2 x 105, R1 = R p =  On, and R3 = 2 KG!. 



is the inc rease  i n  measured ENL of more than 100 vV f o r  V between 
inp 

0 .1  V and 0.3 V when R is  reduced t o  14.7 KQ on t h e  reference  

r e c t i f i e r  . 
The change i n  r e c t i f i e r  e r r o r  vol tage  when R i s  increased from 

14.7 KS2 t o  1 GQ is  shown i n  Figure 44(g) on page 206. The agreement 

between t h e  computed change and t h e  measured changes with both 2N5087 

and 2N5089 t r a n s i s t o r s  is  f a i r l y  good f o r  input  vol tages  above 10 mV . 
P 

Discrepancies a t  low input  vol tages  is, of course, due t o  a c t u a l  

capaci tance  and H values  not matching those employed i n  t h e  simu- FE 

l a t i o n .  An a d d i t i o n a l  cause f o r  devia t ion of measured and computed 

r e s u l t s  a t  low vo l t age  l e v e l s  i s  the change i n  exponential  s lope  of t h e  

base-emitter  current-voltage c h a r a c t e r i s t i c  (see Figure 20 on page 86). 

The change i n  r e c t i f i e r  e r r o r  with frequency due t o  t r a n s i s t o r  

capaci tances  is  i l l u s t r a t e d  i n  Figure 51. This f i g u r e  dep ic t s  t h e  

i n f e r i o r  high frequency accuracy when R = 14.7 KS2. Although one might 

t h i n k  t h e  f a s t e r  tu rn  n f f  times when R is  l l~cluded worald lead  t o  lower 

e r r o r s ,  t h i s  slower t u r n  off  r e s u l t s  i n  an increase  i n  the  average output 

c u r r e n t  which reduces t h e  magnitude of t h e  negative e r r o r .  I n  f a c t ,  both 

computed waveforms a t  10 KHz and measured waveforms (Figures 52, 53, 54, 

and 55) show l i t t l e  o r  no advantage i n  wavcfarm accuracy f a r  K = 14.7 Kh. 

Note t h a t  t h e  agreement between measured and computed waveforms is very 

gaud. Also coulparing ehese waveforms with those of t h e  diode r e c t i f i e r  

(Figures 33, 36, and 37 on Pages 160-165, 174, and 176) i l l u s t r a t e s  t h e  

s u p e r i o r i t y  of the  t r a n s i s t o r  r e c t i f i e r .  
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FREQUENCY ( H z 1  

(a) Total average error wit'h GBWP = 1000 fin. 

Figure 51. Computed frequency dependence of Darlington EN5087 
transfstor rectifier due to transistor capacitances. 
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(b) Total peak error with GBWP = 1000 fin. 

Figure 51 (contf nued) 
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(a) VIFJW, VClIT)l?'T,, and IERORT at 10 KHz. 

Figure 52. Computed high frequency waveforms of a Da 
transistor rect i f ier  with R 1  = R2 = On, R3 = 2 KR, R = 1 GQ, Vinp = 0.1 
V ,  = 2 x 105, and GBWP = 1 MHz. A l l  voltages In VV unleee specified 



(b) VO, VF, and VBEl a t  10 KHz. 

Figure 52 (continued) 
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Bigure 52 (continued) 



Figure 53. Experimental 10 KEz waveforme of a Darlington 2N5087 
transistor rectifier with R = R2 = On, R = 2 Kn, C = 0.15 W, no RB 

= 0.1 V, rutl an AD506lh opamp. (a) % Vu; (b? - VB~l; $7 - V ;  (d) V . Horizontal scale: 20 ys/div. Vertical scale: 
0.5 V div curve (sf? 0.1 V/div [curve (b)] ; 0.05 V/div [curves (c) and 
(a) I 
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(a) VIFlRF, VOIDEL, and IEBORT at 10 IEBz. 

Flgure 54. Computed high frequency waveforms of a Darlingtan 2blS087 
trarmistor r e c t i f i e r  with Rl = R2 - On, 83 = 2 Kn, R = 14.7 Kn, Vinp = 
0.1 V, - 2 x 105, and GBWP = 1 MBz. A l l  voltages i n  FiV unless 
specified otherwise. 
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(b) VO, VF, and VBEl a t  10 KHz. 

Figure (continued) 
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Figure 54 (continued) 
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(d) VO, VF, and VBEl at  100 KHz. 

Figure 54 (continued) 



Figure 55. Experimental 10 KHz waveforms of a Darlington 2N5087 
t rans is tor  r e c t i f i e r  with R 1  = R2 = 052, R3 = 2 KSb, C 1 0 . 1 5  pF, 
R - 14.7 im,Vm = 0.1 V, and an AD5061H opmp. (a? Vf - Vo; (b) F- 
V B ~ l ;  (c) Vf - Vf; (d) V n m .  Horizontal scale: 20 ps/div. Vertical 
scale:  0.5 V/div [curve (a) ] ; 0.2 V/div [curve (b) ] ; 0.05 Vjdiv 
[curves (c) and (d)]. 



111. PRACTICAL ACCURACY LIMITATIONS OF 
PRECISION RECTIFIER CIRCUITS 

In addition to the fundamental accuracy limitations discussed in 

the preceding section, other accuracy limitations include electronic 

component noise, DC offset, amplifier gain stability and linearity, and 

passive component dhift. These limitations tend to be less severe with 

transistor rectifiers. 

Electronic Component Noise 

Electronic component noise cannot be treated in the same manner as 

narrow-band input noise (see page 73) because narrow-band approximations 

are invalid for the broad-band noise of electrical components. To 

analyze such noise, the equivalent noise sources are shown in Figure 56 

for both diode and transistor rectifier circuits. Unless stated other- 

wise, all noise sources will be considered as white. Resistive noise 

sources are Johnson noise and are given by Equation $19) on page 31. - - - 
2 2 ic, \, and < are shot noises given by 

and 

where q is the magnitude of the charge of an electron. Chenette's three 

noise source model is used to simulate bipoiar trausistsr noise, 7 1 

In the analysis o f  rectifier noise, the assumption that the opamp 

open-loop gain is infinite and the common-base current gain (a) .is 
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l v R ,  

(a) Diode rectif ier.  

(b) Transistor rectif ier . - 
Figure 56. Circuits used for noise analysis of rectif iers.  



independent of Ic will be made; i.e., rectification is essentially 

perfect. ~ h o m a s ~ ~  has shown that for a perfect half-wave rectifier 

R (0) Rx(r) -1 
X Rx(r) 

Ry(r) = c2 r q  + 7 sin (- R (0)) 
x 

where Rx(r) and R (T) are the autocorrelation functions of the rectifier 
Y 

input and output, respectively, and C is the rectifier gain. Note that 

the above expression is valid only for a stationary gaussian input. - 
2 2 Since R (0) = g , Equation (213) gives the noise gain as C 14. For- 

g 

tunately, the power gain of a half-wave rectifier for a sinusoidal input 

2 
is also C 14. Therefore, the output noise of a diode rectifier is 

if diode shot noise is neglected and the noise sources are uncorrelated. 

To include the diode noise requires the solution of transcendental 

equations. Note that the thermal noise of R is not rectified, hence it 
1 

is not multiplied by 114 in Equation (214). The signal output is 

+ 2y V+ inp V- inp I ( I 



where y is t h e  c o r r e l a t i o n  c o e f f i c i e n t  between V 
+ 
i n  p and V i n p .  The 

presence of s i g n a l  and noise  together  w i l l  a f f e c t  the  r e s u l t s ;  neverthe- 

L less, the  r a t i o  of VL t o  e a s  given by Equations (214) and (215) can 
n l  

b e  used t o  es t ima te  t h e  signal-to-noise r a t i o  of t h e  de tec to r .  

The t r a n s i s t o r  r e c t i f i e r  noise  and s i g n a l  performance is  

p a r t i c u l a r l y  i n t e r e s t i n g .  The output  no i se  cur ren t  is  

where T = R3 C3, T = (R R ) C , and t h e  base-spreading r e s i s t a n c e  3 4 1 1 5  4 - - - 
2 2 

( T )  of Q1 is assumed zero (i. e . ,  e2 = 0) . Note t h a t  icl and ibl a r e  
x r;. 

X 

s i g n a l  dependent; i.e., they a r e  propor t ional  t o  q. I'he s i g n a l  ourput 

- 
(-..-.-. *- 

o inp  R4 + R5 

+ 2 2 
'"inp "in, R4 al (c3u) + ( 2 -- 2 '1/2 (21.7) 

R4 + (1 + (T31.10) 2, (1  + ('I' c ) 
0 

Inspect ion of Equation (216) shows t h a t  although t h e  t r a n s i s t o r  r e c t i f i e r  - 
2 

i s  s e n s i t i v e  t o  power supply no i se  (e  ), the  no i se  is e a s i l y  suppressed ns 

s i n c e  t h e  t r a n s f e r  funct ion i s  a.band-pass f i l t e r .  For example i f  

C4 = 82 uF, R4 = 10 Kn, R5 =4KQ, R3 = 2 Kn, and C3 = 0.15 eF (as  used 



i n  the  Oak Ridge apparatus);  then T4 = 0.23 sec  and T3 = 0.3 msec., The 

noise  spectrum is  a t tenuated by 60 dB r e l a t i v e  t o  vin a t  midband of t h e  

band-pass f i l t e r ,  and t h e  f i l t e r  has  corner frequencies of 0.69 and 

690 Hz. 

To compare t h e  noise  performance of these  two types of r e c t i f i e r s ,  

assume t h a t  v L p  = 0. Then the  signal-to-noise r a t i o  of t h e  diode 

r e c t i f i e r  a s  obtained from Equations (214) and (215) i s  

I 

where Af i s  the  no i se  bandwidth of the  measurement system which i s  

assumed much less than the  closed-loop bandwidth o f ' t h e  r e c t i f i e r  c i r c u i t ,  

Z i s  t h e  series combinatioh of R3 and C3, Z4 i s  t h e  p a r a l l e l '  combination 3 

of R4 and C,,, and T4 = R4C4. The signal-to-noise r a t i o  of t h e  t r a n s i s t o r  

r e c t i f i e r  a s  obtained from Equations (216)' and (217) is 



o r  neg lec t ing  t h e  no i se  contributed by Q 1  and assuming R >> R 
5 4 ' 

Comparing expressions (218) with (220) ind ica tes  t h a t  t h e  t r a n s i s t o r  

r e c t i f i e r  has  p o t e n t i a l l y  higher S/N s ince  it has no chefma1 noise  due 
- 

2 
to R1 and t h e  no i se  due t o  e and RL i o  reduced by a factor nf  

El 
2 2 ( R ~ C ~ U ) ' / ( ~  + (R1+R3) (C3u) ) . Note t h a t  s i n c e  t h e  feedback con t ro l s  - - 

2 t h e  e m i t t e r  cu r ren t  of 91, the  noise  cur ren t s  i2 and hl must go through - c 1 

t h e  emitter of Q 1 .  Therefore, i2 c i r c u l a t e s  l a r g e l y  wi th in  Q 1 ,  thereby c l  - 
reducing the  output  no i se  cur ren t  due t o  i2 by (HFE1 + I)-'. This c l  

i n d i c a t e s  t h a t  t h e  i n f e r i o r  low-frequency noise  of MOSFET devices w f l l  

l a r g e l y  be  cancel led  by negative feedback i n  t h e  c i r c u i t  shown i n  

Figure  21(f)  on page 91. 

The accuracy of a r e c t i f i e r  can inf luence  t h e  o u t p u ~  no i se  of the  

r e c t i f i e r .  Since p r a c t i c a l  r e c t i f i e r  c i r c u i t s  usua i ly  have a dead-band 

( i . e . ,  a  range of inpu t  s i g n a l s  t o  which the re  i s  e s s e n t i a l l y  on output  

response) s i g n a l s  below a threshold l e v e l  y i e l d  r e c t i f i e r  outputs  

s i g n i f i c a n t l y  less than t h e  i d e a l  l e v e l ,  I f  t h e  dead-ba~id is  grea te r  

than t h e  input  no i se  t o  t h e  r e c t i f i e r ,  t h e  no i se  output  w i l l  be  reduced. 

But if a signal  greatur than the dead-band is a l s o  applied t o  the  

r e c t i f i e r  input ,  r e c t i f i e r  accuracy w i l l  improve; hence, t h e  output  noise  

w i l l  increase.  

This no i se  threshold e f f e c t  was observed by t h e  author when 

measuring the  l i n e a r i t y  of t h e  r e c t i f i e r  br idge  de tec to r .  For ins tance ,  
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wi th  both Darlington r e c t i f i e r s  i n  Figure 47(b) on page 213 employing 

AD528JH opamps and no R, t he  peak-to-peak v a r i a t i o n  i n  DVM readings 

increased from 60 uV f o r  V = 0, t o  a constant  200 pV f o r  Vinp between 
inp 

10 mV and 8 V. When using AD506LH opamps, the  peak-to-peak v a r i a t i o n  was 

l e s s  than 14 pV f o r  inpu t s  below 15 mV b u t  increased t o  400 pV with 
P 

peak inputs  between 20 mV and 70 mV and t o  300 pV f o r  peak input  s i g n a l s  

from 140 mV t o  750 mV. Since t h e  no i se  threshold is lower f o r  the  

AD528JH opamp (below 10 mV), which has  approximately twenty t i m e s  more 

gain a t  t h e  input  frequency of 1 KHz, t h i s  v e r i f i e s  the  hypothesis  t h a t  

the  lower t h e  dead-band, t h e  lower t h e  noise  threshold.  

DC' Offse t  

An important b e n e f i t  of the  t r a n s i s t o r  r e c t i f i e r  i s  i n  i ts  lower DC 

o f f s e t .  Using t h e  terminology of Figure 56 on page 236, t h e  DC o f f s e t  

of the  opamp w i l l  be  mul t ip l ied  by (R1 + R3)/% unless  C3 is included, 

i n  which case t h e  CC o f f s e t  passes d i r e c t l y  t o  t h e  output .  But i n  t h e  

t r a n s i s t o r  r e c t i f i e r ,  t h e  DC o f f s e t  gain is t h e  same a s  t h e  s i g n a l  ga in  

(1/R3) unless  C i s  included, i n  which case t h e  DC o f f s e t  gain is zero. 3 

Assume t h a t  t h e  input  b i a s  cur ren t s  a r e  1; and 1; a t  ion inver t ing  and 

inver t ing  inputs  of t h e  op&, respect ively .  Then, f o r  a  diode 

r e c t i f i e r ,  t h e  o f f s e t  induced by input  b i a s  cur ren t s  i s  

or  i f  C3 is  included, 

Simi lar ly ,  t h e  o f f s e t  induced by Input  b i a s  cur ren t s  f o r  t r a n s i s t o r  

r e c t i f i e r  is  



I0 
= - -  R4 I+ + I; 

off  R3 B 

o r  i f  C3 is  included, 

I0 off  = + I ; .  

+ Note t h a t  i f  IB and 1; thermally t r a c k  each other .  t h e  o f f s e t  due t o  

inpu t  b i a s  c u r r e n t s  can be set t o  zero .by appropr ia te  choices of R 4' 

exeepc f o r  t h e  case  where C is  included i n  a t r a n s i s t o r  r e c t i f i e r .  .A 3 

good opamp f o r  t h e  t r a n s i s t o r  r e c t i f i e r  is t h e  opamp wi th  an  I'ET input  

s t a g e  s i n c e  I is very small (% PA). The higher o f f s e t  vol tage  t y p i c a l  B 

of FET opamps i s  not  important with t r a n s i s t o r  r e c t i f i e r s  with C3. 

Another cause of DC o f f s e t  is  ICBO of t h e  t r a n s i s t o r  wi th  

t r a n s i s t o r  r e c t i f i e r s .  This i s  minimized by choosing t r a n s i s t o r s  with 

low ICBU. Transiotors  w i d 1  ICBO 10 nA a r e  ava i l ab le .  Since t h e  o f f s e t  

c u r r e n t  due t o  ICDO is I*,, itself, t h c  o f f s e t  due KO a Darlington 

t r a n s i s t o r  is the sum of ICBo1s of t h e  two t r a n s i s t o r s .  

Pass ive  Component D r i f t  

Since t h e  pass ive  components l a r g e l y  determine t h e  r e c t i f i e r  gain, 

it is important tn rhoose otab le  cuuyunenrs such as bulk metal o r  wire- 

wound (noninductive) r e s i s t o r s .  Assumiug i n f i n i t e  opamp gain, t h e  output 

of a diode r e c t i f i e r  is . 

- + (R1 + z3 R1 
. 'RI - 'inp 

z3 
) - 'inp z 

3 

whi le  the  output  of a t r a n s i s t o r  r e c t i f i e r  is 



regardless  of R o r  R2. Since t h e  p o s i t i v e  and negative gains  a r e  
1 

i d e n t i c a l  i n  magnitude f o r  the  t r a n s i s t o r  r e c t i f i e r ,  forming a fullwave 

r e c t i f i e r  i s  s impl i f ied .  While a diode fullwave r e c t i f i e r  normally 

requ i res  the  matching of a t  l e a s t  th ree  r e s i s t o r s ,  a  t r a n s i s t o r  fullwave 

r e c t i f i e r  requires  matching of only two r e s i s t o r s  t o  insure  symmetry. 

I n  f a c t ,  i f  a  cu r ren t  mirror  is employed with t h e  t r a n s i s t o r  r e c t i f i e r ,  

no r e s i s t o r  matching is  necessary f o r  a fullwave r e c t i f i e r .  Another 

advantage of the  t r a n s i s t o r  r e c t i f i e r  is t h a t a b a l a n c e d  l inecanbeconnec ted  

d i r e c t l y  t o  t h e  inputs  without the  need f o r  an instrumentat ion ampl i f ier  

o r  transformer. Addit ionally,  t h e  common mode r e j e c t i o n  i s  independent 

of passive components. Furthermore, t h e  + input  i s  high impedance. The 

cur ren t  output  f a c i l i t a t e s  summation of r e c t i f i e r  outputs  s ince  t h e  out- 

puts  can be  d i r e c t l y  connected t o  t h e  cur ren t  summing input  of an  opamp 

wi th  shunt feedback without t h e  need f o r  add i t iona l  summing r e s i s t o r s .  

Clearly,  the  gain f l e x i b i l i t y  of the  t r a n s i s t o r  r e c t i f i e r  i s  one of i ts  

s t ronges t  advantages. 

Gain S t a b i l i t y  and L inear i ty  

While t h e  s e n s i t i v i t y  of both types of r e c t i f i e r s  t o  gain s t a b i l i t y  

and l i n e a r i t y  is s imi la r ,  the  opamp gain  s t a b i l i t y  and l i n e a r i t y  can b e  

improved using a t r a n s i ~ t o r  r e c t i f i e r .  The s e n s i t i v i t y  of r e c t i f i e r  

3 gain t o  opamp gain  is ( 1  + A (R + Z3 ) ) - I ,  Since R1 can be made zero, 
1 

t h e  t r a n s i s t o r  r e c t i f i e r  can have a lower s e n s i t i v i t y  with i n t e r n a l l y  

compensated opamps. The opamp gain d r i f t  is  l e s s  wi th  a rranslsLor 

r e c t i f i e s  becauoe the opamp dr ives  the  high impedance load of a  



t r a n s i s t o r  ins tead  of R and R2.: The low cur ren t  output  together with 1 

t h e  low vo l t age  swing makhs t h e  power d i s s i p a t i o n  of t h e  opamp minimal. 

This low power d i s s i p a t i o n  r e s u l t s  i n  a more uniform temperature of thev  
. . 

opamp wi th  low s i g n a l  dependence -of open-loop gain due t o  thermal ' feed- 

back. This lowe;ing of thermal feedback s u b s t a n t i a l l y  reduces low- 

frdqu2ncy d i s t o r t i o n  of the  open-loop gain.  Thermal feedback can cause'  

d i s t o r t i 6 n  due t o  t h e  temperature dependence of t h e  opamp gain. 68,69 

~ y p f c a l l y ,  Lltermal feedback d1wtottion'becomc.e a ign i f  lcant for fre-a 

quencies below 100 .Hz. 

The low cur ren t  d r a i n  of the  t r a n s i s t o r  r e c t i f i e r  can a l s o  improve 

a k p l i f  ier accuracy: a t  a l l  frequencies by reducing ox 'el iminating 

crossover d i s t o r t i o n .  ' Most modern opamps have. c l a s s  AB output s tages.  

1 f  t h e  lbad c u r r e n t  i s  less than the  b i a s  cur ren t  of '  t h e  output  s t age ,  

t h e  output  s t a g e  w i l l '  opera te  i n  c l a s s  A mode. . 

'Load current i s  minimized by choosing high Ha t r a n s i s t o r s  o r  

MDSFET'.s 'with low capacitandeo. The capacl t ince '  cu r ren t  i s  important 

dur ing the  switching t i m e .  ' 

As mentioned earlier, s e t t l i n g  time and s l e w  r a t e  l i m i t  of the  

opamp is important t o  high frequency performance. Figures 57 and 58 

i l l u s t r a t e  t h e  e f f e c t s . o f  reducing s e t t l i n g  time from 2 11se.c t o  800 nocc 

on t h e  100 KHz waveforms of a Darlington t r a n s i s t o r  r e c t i f i e r .  Note t h a t  

reducing t h e  s e t t l i n g  time improves t1,c output  waveforms aiily s l i g h t l y  
. . 

f o r  both  R = 1.4.7 KSl and no R a s  opposed t o  the  s u b s t a n t i a l  e f f e c t  on a 

diode r e c t i f i e r  ( see  Figure 31 on page 149). Note t h a t  s e t t l i n g  time 

is a l s o  a measure of the  overshoot behavior of an opamp, whether the re  

is  slewing o r  not .  For both types of r e c t i f i e r s ,  t h e  quest ion of whether 

o r  no t  an  opamp w i l l  s l e w  is complicated by t h e  device capacitances.  



Figure 57. Effects of opamp settling time on 0.1 V 100 KHz 
waveforms of a 2N5087 Darlington transistor rectifier - wieh It3 = 2 Rn. 
C3 = 0.15 vF, no R, and an AD528JH opamp. (a) Vo - Vf with settling 
time compensation; - (b) V I F ~ ~  with settling time compensation; 
(c) Vo - Vf without settling time compensation; (d) V I F ~ ~  without 
settling time campensation. Typical settling time to 0.1%: 800 ns 
[curves (a) and (b)]; 2 vs [curves (c) and (d)]. Horizontal scale: 
2 ps/div. Vertical scale: 0.3 ~/div [ourver (a) aud (c)] ; 0.05 Vldlv 
[curves (b) and (d)]. 



Figure 58. Effects of opamp settling time on 0.1 V 1QO KHe 
ravcIurm. uf a 2N5087 Uarlington transistor rectifier with R - 2 m, 
C3 = 0.15 PI?, R - 14.7 Im, and an AD528JH opamp. (a) Vo -$with 
settling time compensation; (b) VIP= with settling time compensation; - 
(c) Vo - Vf without settling time oompcnoatian; (d) VI~lm without 
settling time compensation. Typical settling time to 0.1%: 800 ne 
[curves (a) and (b)]; 2 us [curves (c) and (d)]. Horizontal scale 
factor: 2 ps/div. Vertical scale: 0.5 V/div [curves (a) and (c)] ; 
0.05 Vldiv [curves (b) and (d) ] . 



Whereas the calculations on page 139 can predict whether an opamp will 

slew if the capacitances are neglected, the capacitances can actually 

prevent slewing. 

Slewing conditions with device capacitance can be determined for a 

single pole opamp in the following manner. Assume that both diodes or 

transistors are off. Then the Fourier transform of the output of the 

OP-P (O(jo)) is 

A 

where A(ju) is the transfer function of the opamp, B(ju) is 
h 

T3 j0/(1 + T3 ju) , Vin(ju) is the Fourier transform of the input signal, 

and T3 is R3 CBB. If V,(t) is Vinp sirnot, then Equation (224) gives 

Vo(t) as follows: 

where 

Therefore %(t) is given by 

< where Vo - Vf is easily found by noting that 



6 .  

' .'Substituting Vf = Vo A and Equations (225) and (226) into Equation (227) 

yields 

2 
Using the identi ty cos @ - (1 + tan @)-112, Equation (228) can be 

u t i l ized  with Equation (226) to  compute $o(t) as  

Q t )  = - V  inp A 01 o o (Aol+1) / I Vo=Vf 

Equation (229) shows that  there is a frequency a t  which ( t )  1 is 

maximum. I f  oo << 2~ GBWP and Aol >> 1, then expression (229) may be 

appr oximnt ed by 

o r  the minimum SR of the opamp i f  slewing is t o  be prevented is 

Comparing the above equations t o  Equation (187) on page 143 shows that  

the device capacitance increases the slew-free input voltage by 



THE TeMPERATURE CONTlEUn SYSTEM 

I. HOW THE CONTROL SYS- FUNCTIONS 

The temperature control system designed for  the Oak Ridge irradiat ion 

creep experiment is a par t ia l ly  linearized, three-mde control system 

employing a modified AC Kelvin bridge to  measure sample resistance (see 

Figure 12 on page 56) and a phase-insensitive averaging detector. A 

block diagram of the system is drawn i n  Figure 59. I n  t h i s  system, the 

1 KHz heating current (THD < 0.6%) functions as the measurement current 

to maximize the S/N. The two bridge signals' (VR and Vs) pass through 

two instrumentation amplifiers (each formed with two sections of a 

Raytheon RC4136 quad opamp) having common-mode rejection ra t ios  greater 

than 105 dB a t  1 KHz (typically 110 dB) to prevent ground loop noise. 

The remaining noise is f i l t e red  by mains rejection notch f i l t e r s  (60 Hz) 

and second-order 1 KHz band-pass f i l t e r s  with 413.54. The f i l t e red  

signals are  passed through precision half-wave r ec t i f i e r s  (Darlington 

2N5087 and 2N5089 t ransistors  with AD528JH opamps). Since the two 

rec t i f i e r s  are  complementary (one has a positive DC output while the 

other a negative DC output), the current outputs are  summed by an opamp 

with shunt feedback. This o p q  also functions as  a single pole low- 

pass f i l t e r .  An active second-order low-pass f i l t e r  further reduces the 

r ipple of the error  signal. 

Figure 60 pictures the temperature control system. On the front 

panel a re  located the following controls: 
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~igurk 59. Block diagram of temperature control eystem. 



Figure 60. Front panel of temperature controller. 



1. Current monitor DPM, 

2. VRX monitor DPM, 

3. VRX analog meter with scale factor switch, 

4. Meter speed switch to  average readings of both VRX meters for  

measuring no is y signals , 
5. Linear control parameters adjustment potentiometers, 

6. Master osc i l la tor  output control to  l i m i t  heating current i n  

control and CP adjust mode, 

7. CP aar.lt71arnv n~itput control t o  s e t  current i n  CP adjust mde,  

8. Monitor osc i l la tor  output control t o  set monitor current, 

9. Mode selector switch, 

10. Control bridge potentiometers, 

11. Monitor bridge potentiometers, 

12. Correction potentiometers, 

13. Bridge mode switch, 

14. Sarawdrivc~ odjustmenta for  AC aud DC uIfxe t s  fo r  monitor and 

control bridge detectors, 

15. Screwdriver adjustment for  controller offset ,  

16. VCA bias screwdriver adjustment, 

17 .  Control adjustment switch to  connect external input to 

simulate beam power perturbations , 
18. Output jacks for  monitoring VRX, VERROR, VCURR, VC, and 

osc i l la tor .  

The mode selector and bridge mode switches a re  of particular 

interest .  When the mode selector switch is i n  monitor mode, the monitor 

bridge is connected to the bridge detectors and a manually adjustable 



current  l e s s  than 1 A (adjusted v i a  the  monitor o s c i l l a t o r  

potentiometer) is .del ivered t o  the. sample. Also t h e  gain  of t h e  ins t ru -  

mentation ampl i f iers  i s . i n c r e a s e d  and the .ga in  of t h e  summing ampl i f ier  

i s  decreased.by t h e  same f a c t o r  t o  maintain a constant  s c a l e  f a c t o r  on 

VRX (within I%) ,  while simultaneously increas ing t h e  s i g n a l  l e v e l  a t  t h e  

r e c t i f i e r s  t o  improve. l inear i ty .  When i n  t h e  CP ADJ mode, t h e  cur ren t  

may be adjusted by both t h e  master and CP o s c i l l a t o r  con t ro l s .  Also t h e  

con t ro l  bridge i s  connected t o  t h e  br idge  detec tors .  The br idge  mode 

switch is  employed t o  balance t h e  two arms of the  Kelvin b r idge  v i a  MP2 

and CP2. The CAL pos i t ion  s h o r t s  t h e . b r i d g e  e r r o r  s i g n a l  t o  zero so  

t h a t  t h e  r e c t i f i e r  gains and offse ts .may be adjusted.  Note t h a t  f o r  t h e  

temperature c o n t r o l l e r  t o  con t ro l  t h e  specimen temperature, both con- ., 

t r o l l e r  mode and bridge mode switches must be i n  RUN and NORMAL pos i t ions  

respect ively .  I f  the  bridge mode switch i s  not  i n  NORMAL mode then VC 

. i s  held c lose  t o  zero t o  prevent uncontrolled heat ing cur ren t s .  Likewise, 

VC i s  held c lose  t o  zero unless c o n t r o l l e r  is i n  run mode t o  improve t u r n  

on behavior. 

'RXSET may be read d i r e c t l y  from..the bridge potentiometers a s  the  

sum of the  con t ro l  potentiometers excl.uding CP2 (CP) p l u s  t h e  cor rec t ion '  

po.tentiometers excluding COR-P2 (CORRP). CP + CORRP can be  used t o  

ob ta in  RX within  0.02% v i a  the  following expression: 

Simi lar ly ,  the  monitor value of RX is obtained v i a  the  fol lowing 

expression: 

RX = R3 (MF + CORRP) /loo. 00 . 



Initially, Verror was employed as the controlled signal; however, 

'error is proportional to the product of heating current and the 

deviation of sample resistance from set point (ARx). The system is highly 

nonlinear, i.e., the loop gain is proportional to the heating current, 

thereby causing the system to have very poor transient characteristics. 

To linearize the system, VerrOr must be divided by a signal proportional 

to the average magnitude of the heating current. This is accomplished by 

measuring the voltage drop across the standard resistor (R ) with an 
8 

instrumentation amplifier whose output is rectified and filtered 

identically to Verror (Vcurr . A precision two-quadrant divider (AD43hR) 

is employed to take the quotient of Verror/Vcurr. This quotient is 

filtered further to reduce noise and ripple (V- ) and is propoxtional to 
K 
X 

The error signal, is fed to a three-mode controller. This 

controller has integration (or reset action), proportional gain, and rate 

action. That is, the output of the controller is (ideally) given hy the 
t d v 

a~nn of VR dT, V , and - , enclr L r ~ m  mulriplied by adjustable 
0 x Rx 

constants. The frequency response of such a controller is depicted in 

Figure 61. The integration insures that the average value of VK- is zero. 
X 

The proportional gain is adjusted so that the zero (Tc) is apprnximately 

equal to the dominant thermal pole of the specimen (Tt). The rate action 

can be used to cancel other poles in the system or coiiipansate for delays. 

However, it was found experimentally, that rate action in this system is 

unnecessary. 

The output of the linear controller is passed through a square-root 

circuit to linearize the system. This linearized control voltage (Vcl) 
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Figure 61. Frequency response of a linear three-mode controller. 



is employed to control the heating current by a voltage controlled 

amplifier (VCA). The output of a Wien-bridge oscillator is passed 

through the VCA to a 100 W transconductance power amplifier which supplies 

the heating current to the bridge. In order to maintain loop gain at all 

times, the VCA has a gain proportional to (1 + KIVclO, where K is 

approximately ( .053)-I. Theref ore one obtains a minimum heating current 

greater than zero allowing measurement of Rx. 

In operation of the system, VEWUH and V ' U  are less than zero when 

the sample is too hot. This causes V to decrease thereby reducing the 
C 

heating current. This causes the sample temperature to decrease. If the 

sample is too cool, VRX becomes positive causing V and the heating 
C 

current to increase. Thus, the specimen becomes hotter. When there are 

no beam perturbations and the controller is properly adjusted, the sample 

temperature will be well wttthin 0.05 OC of set point. With beam per- 

turbations, the sample temperature will alternately be slightly too cold 

or hot such that the average sample temperature is within 0.05 "C of set 

point. 

11. APPROXIMATE ANALYSIS OF SYSTEM PERFORMANCE 

The loop gain of the linearized system may be approximated as 

follows. The temperature of the specimen is 

TEMP = TMPSET + ERRTMP , 

where 

ERRTMP = Ht * APOWER, 
TMPSET is the desired specimen temperature, Ht is the small signal thermal 

impulse response of the specimen, and APOWER is the deviation in total 



heating power from tha t  required t o  maintain TEMP = TMPSET. The t o t a l  

heating power i s  

POWER = OHMICP + BEAMP , 

where BEAMP i s  t he  e f f ec t i ve  heating power of the  beam and OHMICP is the  

2 
ohmic heating power (Rx CLaENT where CURENT is the  RMS value of the  

heating current) .  VERROR is given by the  following expression: 

VERROR = ( (CURENT DELRX) * Glpf * G ) / (  ( 1  + AR CP) A2), 
bpf 

(236) 

where DELRX = RX - RXSET, RXSET i s  RX a t  TEMP = TMPSET, AR CP = RXSETIRS, 

A i s  a constant ,  and Glpf and Gbpf a r e  the  impulse responses of the  low- 2 ' 

pass and band-pass f i l t e r s ,  respectively.  The heating current  monitor 

voltage i s  

VCURR = 
RS CURENT * G1 

AIER ' 
9 

where AIER i s  a constant. The f i l t e r e d  output of the  divider  is  given 

. m=  VERROR 
(VCURR K * G l p f l  y 

(CURENT DELRX) * G1 fl * G,, AIER 
- - 

( K RS A2 ( 1  ,+ AR CP! CURENTP* Glpfl ) * Glpf2 (238) 

OHMICP is approximately given by 

2 = RXSET VC (10.915.3) /RS , 



where VC = * VRX and Alc is the impulse response of the linear 

controller. 

Equation (239) is difficult to interpret. If both CURENT and DELRX 

are functions of time, then the Laplace transform of VRX does not have a 

linear relation to RX and CURENT. For a fixed CURENT, VRX simplifies to 

DELRX * G1 fl * Gb * G1 f2 AIER 
V R X =  K RS A2(1 + AR CP) 9 (240) 

where G = 1. On the other hand, if DELRX is fixed, then VRX can 

be simplified to 

DELRX AIER 
VRX - K RS A(l + AR CP) ' 

A 

if Gbpf = 1 (note that the Laplace transform of a function (X) will be 
A 

indicated by X) and all filters have unity gain for S = 1. Note that for 

both of the above expressions, VRX is independent of CURENT. 

The errors associated with neglecting the frequency response of the 

band-pass filter are small if the low-pass filters dominate. Treating 

the bridge signals as amplitude modulated 1 KHz sinewaves, the Fourier 

transform of the AM signal when passed through a second-order I KHz band- 

pass filter is 

where V(t) = (1 + M(t)) cos w t and wo = 1 KHz. Upon demodulation the 
0 

envelope of V(F) is recovered as 



Since 

A 

Therefore, f o r  I w l  < w  o ,  Vdet (4 i s  

.The e f f e c t i v e  t r a n s f e r  funct ion  of the  band-pass f i l t e r  is t h a t  of a 

low-pass f i l t e r .  This  i s  p l o t t e d  i n  Figure 62 f o r  Q = 3.54. Note t h a t  

the  3 dB po in t  occurs a t  140 Hz and t h a t  t h e  s lope  between 300 Hz and 

10 KHz i s  approximately 5 dB/octave. Therefore, t h e  e f f e c t  of t h e  

band-pass f i l t e r  i s  n e g l i g i b l e  i f  Glpfl i s  a s i n g l e  po le  f i l t e r  followed 

by a second-order Butterworth f i l t e r  and G 
lpf  2 is  a second-order 

Butterworth f i l t e r ,  a l l  having corner f requencies  of 40 Hz s ince  the  loop 

transmission w i l l  have t o  b e  down over -70 dB a t  140 Hz i f  t h e  system i s  

t o  be  s t a b l e .  Even i f  the  low-pass f i l t e r s '  corner  frequencies were 

increased t o  80 Hz, t h e  loop transmission would be  down a t  l e a s t  -'30 dB 

a t  140 Hz; i .e.,  the loop transmission would have t o  b e  less than 1 a t  

40 Hz due t o  phase s h i f t .  
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Using Equations (239) through (240) t h e  loop transmission can now b e  

approximated. Assuming a test ERRWt, t h i s  w i l l  cause a DELRX of 

RXSET aT ERRTMPt. Employing Equations (239) and (240), t h e  change i n  

ohmic heat ing power i s  

The r e s u l t a n t  ERRTMP due t o  ERRTMP t -can be  found from Equation (234). 

Therefore, the  small s i g n a l  loop transmission is 

A ER~TMP (10.9) RXSET AIER uT G1 lGl 2AlcHt - - =' . (247) 
T s y ~  t e m  ER~TMP, K RS A2 (RS + 1 ) ( 5 . 3 ) ~  RXSET 

Se t t ing  ERRTMP = ERRTIQt i n  Equation (234), ERRTMP due t o  ABEAMP is  shown 

I f  the  Glpfl and G a r e  neglected, and i f  Ht  = H / ( 1  + Tt S) and 
1 + T &pf2 t o  . 

C 
Alc = GAIN ( S 

), then ERRTMP is 

c. 

ABEAMP Hto S . 
EGTMP = (249) 

Tt s2 
+ Tc) S + 11 GAIm [G*fm +   GAIN^ 

where 

(10.9) L~~~~~ AIER aT GAIN Hro 
r,A.TN? = - 

R- n " + 1 ) ( 5 . 3 ) ~  K R A  (- S 2 RXSET 



I f  Tt = Tc, then 

A 

A . . .  ABEAMP Hto S 
ERRTMP = 

GAINP ( 1  + Tt S) (- + 1 )  
GAINP 

Therefore, f o r  a u n i t  s t e p  change i n  beam power, 

H t O ( e ~ ( - t / ~ t )  - PT( -C  CIATNP)) T , l ( t )  

ERRTMP = GAINP Tt - 1 (251) 

where Tt = Tc. Without temperature con t ro l ,  ERRTMP would be  

ERRTMF' = (Hto (1 - exp(- t / l t ) )  . ( 2 5 2 )  

An example of t h e  improvement i n  temperature s t a b i l i t y  can be  

apprecia ted  by t h e  following computation,. Typical ly,  Tt = 0.4, Ht = 52, 

and GAINP = 56 a t  TMPSET = 150 O C .  For a 3.6 W s t e p  inc rease  i n  beam 

power a t  t = 0 such a s  would occur when t h e  beam i s  turned on, ERRTMP 

increases  from zero t o  a m a x i m u m  of about 7 O C  a t  t = 0.06 sec ,  then 

decays toward zero wi th  a t i m e  constant  of 0.4 sec .  Without con t ro l ,  

ERRTMP inc reases  from zero toward 190 O C  with a time constant  of 0.4 sec.  

Thus a s u b s t a n t i a l  improvement i n  temperature s t a b i l i t y  may be  obtained. 

111. COMPUTER .SIMULATION OF TEMPERATURE 
CnNTRnT, SYgTl?M 

I n  t h e  preceding ana lys i s ,  severa l  assumptions w e r e  made t h a t  l i m i t  

t h e  accuracy of t h e  computations. F i r s t ,  a small s i g n a l  model was 

employed. Secondly, VRX was assumed independent of CURENT. I n  addi t ion ,  

t h e  ohmic power was assumed t o  be  propor t ional  t o  RXSET ins tead of RX. 



To study the  l a r g e  s i g n a l  p roper t i e s  of the  system, a CSMP program was 

w r i t t e n  (see  Appendix D ) .  I n  t h i s  model, equations f o r  RX and heat ing 

power a s  funct ions  of temperature obtained from t h e  curve f i t t i n g  program 

l i s t e d  i n  Appendix A, were u t i l i z e d  t o  improve t h e  accuracy of t h e  

simulat ion.  A l l  f i l t e r s ,  except the  band-pass, were included i n  the  

simulation. Secondary f i l t e r i n g  due t o  AC coupling capaci tors  was a l s o  

neglected. F ina l ly ,  DC of f s e t s ,  r e c t i f i e r  accuracy, AC off  s e t s ,  

e l e c t r i c a l  noise ,  and temperature r i p p l e  due t o  the  AC heat ing cur ren t  

w e r e  no t  considered. 

Figure 63 graphs t h e . r e s u l t s  f o r  a 3 . m i l  s t a i n l e s s  steel sample a t  

TMPSET - 150 O C  and a 3.6 W beam which is  turned o f f  a t  t = 0.1 sec  and 

back on a t  t = 3.0 sec .  P a r t  (a) shows t h e  temperature with GAIN = 0 (no 

control) ,  p a r t  (b.) shows the  temperature wi th  GAIN = 1 and a l l  f i l t e r s  

adjusted f o r  40 Hz cutoff  frequencies and Tt = Tc = 0.4 sec.  These 

graphs i l l u s t r a t e  t h a t  without con t ro l ,  turning t h e  beam off  causes t h e  

temperature t o  drop from 150 t o  42.666 O C  i n  only 0.4 sec ,  while a f t e r  

2.9 seconds, the  temperature drops t o  -22.787 OC.  This amounts t o  a 

change i n  temperature of 173 O C  a s  opposed t o  t h e  190 O C  change pre- 

d ic ted  by the  approximate analys is .  With con t ro l  t h e  peak change i n  

temperature is -9.68 and 9.50 O C  0.04 sec  a f t e r  the  beam i s ' t u r n e d  off  

and .on respect ively .  Within 0.4 seconds a f t e r  t h e  beam t r a n s i e n t  t h e  

sample temperature is wi th in  3.19 d C  of 150 O C ,  and wi th in  2.15 sec ,  

the  temperature e r r o r  is  only 0.05 OC. Comparing these  f igures  with t h e  

approximate ana lys i s  shows s l i g h t l y  l a r g e r  peak e r r o r s .  This discrepancy 

is  p a r t l y  due t o  the  overshoot i n  heat ing current .caused by t h e  f i l t e r s .  

This overshoot may be eliminated by e i t h e r  ,reducing GAIN o r  increasirig 



TEMP . 
150.00 
150.00 
150.00 
130.25 
112.76 
91.276 
83.559 
11.408 
10.646 
51.112 
42.666 
35.185 
28.951 
2 2 i 6 8 5  

Gain ' and filters. 

Figure 63. Computed performance of temperature controller with a 
temperature setpoint of 150°C. 
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(b) Gain = 1, Tc = 0.4 sec, and 40 Hz dilters. 

Figure 63 (continued) 
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Figure 63 (continued) 
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the corner frequencies of the filters. Figure 63(c) shows the same 

beam transient with GAIN = 2 and the filter corner frequencies increased 

to 80 Hz. As expected, the peak temperature errors are reduced by a 

factor of two (5.0 O C  within 0.02 sec and 0.05 O C  within 1.88 sec) . 
Figure 63(d) illustrates the gffect of removing the integration from the 

controller. With GAIN = 1 and 40 Hz filters the temperature overshoot 

is clearly visible. When the beam is cut off the temperature error 

drops to -9.80 at 0.03 see after the beam transient.and settles to a 

constant error of -8.06 O C .  The temperature overshoots 1.56 O C  at 0.04 

sec after the beam is turned on. Finally, Figure 63(e) illustrates 

that increasing the reset action by reducing Tc can reduce the recovery 

time. However, increasing the reset action too much will cause 

temperature ove,rshoot during recovery. 

Figure 64 shows the transient with TMPSET = 500 O C .  

The GAIN was increased to 1.67 with filter corner frequencies set to 

40 Hz to compensate for the lower sample resiatance coefficient at 

500 O C .  Peak temperature deviations are 8.0 O C  0.04 sec after the beam 

is switched on or off. ~ecoveky behavior is similar to that at 150 O C .  

Figure 65 shows the turn on behavior of the system. Part (a) shows 

that if the sample temperature is approximately at TMPSET before the 

control is switched on, the temperature undershoot is about 10 OC.  Due 

to the nonlinear nature of the resistance temperature coefficient, control 

turn on with initial temperatures substantially below TMPSET can lead to 

overshoot. For instance, if the initial temperature without beam is 

0 O C  and the controller and beam are switched'on simultaneously as shown 

in Figure 65(c) the Computer program predicts a temperature overshoot in 
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Figure 64. Computed performance of temperature controller at 
temperature.setpoint of 500°C. Gain = 1.67, T _  = 0.4 sec, and 40 Hz. 
f i l t e r s .  



(a) No beam with initial temperature = final temperature = 150'~ 
and no VRX limit. 

Figure 65. Computed turn on behavior of temperature control system. 
Gain = 1, Tc = 0.4 sec, and 40 Hz filters. 



(b) No beam with initia1,temperature = O°C, final temperature = 
150°c, and ~ O ' V R X  limit. 

Figure (continued) 
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(c) No beam with i n i t i a l  temperature = O'C, f inal  temperature 
= 150°c, and. ~ V R X I  - < 12 V. 

Figure (continued) 



(d) Beam turned on at TIME = 0 with initial temperature = OOC, 
final temperature = 150°C, and no VRX limit. 

(continued) 
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(e) Beam turned on at TIME = 0 with initial temperature = O'C, 
final temperature = 150°c, and [ V R X ~  12 V. 

Figure 65 (continued) 



excess of 100 O C  due t o  severe  overshoot i n  t h e  heat ing current .  

For tunate ly ,  t h e  r e a l  c o n t r o l l e r  has ad jus tab le  cur ren t  l i m i t a t i o n s  t o  

prevent  severe  overshoots. F i r s t ,  the  r a t e  of cu r ren t  increase  and 

decrease is  l imi ted  by t h e  212 V l i m i t  on VRX. No such l i m i t  was 

placed on VRX f o r  t h e  simulat ions shown i n  Figure 65(a) ,  (b) ,  and ( c ) ,  

b u t  t h e  r e s u l t s  a r e  shown i n  Figure 65(d) and (e) f o r  a  l imi ted  VRX. 

These f i g u r e s  sh& t h a t  the  overshoot is reduced t o  less than 20 OC by 

l i m i t i n g  ~ V R X ~  5 1 2  V. This agrees well with measured overshoots. 

Secondly, t h e  maximum cur ren t  l i m i t  is adjus table .  

While t h e  preceding computations show good behavior f o r  l a r g e  

s i g n a l  beam t r a n s i e n t s ,  the  most common beam per turbat ions  a r e  random 

n o i s e  with s h o r t  t e r m  s tandard devia t ions  of about 3%. Addit ionally,  

turbulence i n  t h e  He atmosphere causes s u b s t a n t i a l  temperature noise.  

To simulate beam and He induced noise ,  Gaussian noise  was assumed f o r  

t h e  beam power. This was accomplished by using t h e  CSW Gaussian 

random number genera tor  with an average v a l u e  of 1 and a standard 

devia t ion of 0.1. This rlulsy s i g n a l  was then uquuicd and multiplied 

by t h e  s teady s t a t e  beam power. The square of ERRTMP was in tegra ted  

f o r  1 second t o  ob ta in  the  var iance  In temperature. The standard 

dev ia t ion  was obtained by taking the  square roo t  of the  variance.  For 

a xean temperature of 150 O C  with  a mean beam power of 3.6 W, the  

standard dev ia t ion  was O.559,  0.205, 0.188, and 0.195 'C f o r  GAIN equal  

0, 0.7, 1, and 1.4, r e spec t ive ly .  Peak devia t ion i n  temperature (out- 

put  i n t e r v a l  = 10 msec) was 1.25, 0.51, 0.43, and 0.44 O C  f o r  GAIN 

equal  0, 0.7, 1, and 1.4, respect ively .  Since t h e  bandwidth of t h i s  

simulated no i se  depends on t h e  i n t e g r a t i o n . s t e p  s i z e ,  which i s  va r iab le ,  



it was difficult to predetermine;:noise spectrum. Probably, the spectrum 

is relatively flat to a frequency beyond the filter cutoff frequencies. 

In addition, the noise spectrum of the actual beam is unknown. 

IV. MEASURED TEMPERATURE CONTROLLER PERFORMANCE 

Figure 66 shows the.measured performance of the temperature control 

system. The filter corner frequencies were set for 37 Hz. Temperature 

error was computed from VRX. VRX, VCURR, and other data were monitored 

by fast sampling A-D converters (grounded) and processed by a 

-1 - 1 
minicomputer. Data sampling rates were 24 sec and 1 sec . Ground 
loops and RF noise pickup on the cables caused some random fluctuations 

in the indicated temperature. This problem has been solved in the 

present design by employing integrating A-D converters with differential 

inputs ( 4-112 digit panel meters with BCD output). Note that turning 

the 3.3 W off caused a drop in temperature of only 4.2 OC about 80 msec 

after the beam transient. Within 2.2 sec, the temperature returned to 

the set point temperature of 150 OC to within 0.05 OC. Note that the 

peak error is less than half that predicted by the computer simulation. 

This results from the fact that the simulation assumed an instantaneous 

change in beam power, whereas the 'actual beam has a finite rise (fall) 

time . 
Figure. 66 also depicts standard deviations in temperature. 

Average temperature and standard deviations were calculated on an HP45 

calculator from ten consecutive data points. Note that the standard 

deviations are only slightly higher with beam than without beam. This 

fluctuation in temperature is largely due to turbulence in the He 



Figure 66.  Measured temperature control  a t  150'~. 
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atmosphere caused by t h e  c i r c u l a t i n g  fan: without beam and a constant  

hea t ing  cur ren t  of less than 0.33 A, t he  f l u c t u a t i o n  i n  sample 

temperature was twenty-five times higher i n  c i rcu la ted  He than i n  a 

vacuum. Note t h a t  without con t ro l ,  t h e  standard dev ia t ion  is  about t e n  

t i m e s  higher ignoring t h e  t i m e s  when the  beam is momentarily l o s t  a s  

shown i n  Figure 66. Note a l s o  t h a t  t h e  tu rn  on overshoot i s  only 14 O C  

due t o  the  s l e w  r a t e  l i m i t  of t h e  c o n t r o l l e r .  Note a l s o  t h a t  t h i s  

overshoot decays wi th in  2 seconds. 

Temperature c o n t r o l l e r  perfomarice was a l s o  measured at  difFereuL 

temperatures and H e  pressures .  For 1 a t .  pressure  and 150 'C a s  shown 

i n  Figure 66, 24 sec  measurement periods yielded t y p i c a l  standard 

dev ia t ions  of 0.06 and 0.15 'C without and with a 3.3 W beam, 

respec t ive ly .  Reducing t h e  He pressure  t o  112 a t .  gave standard 

dev ia t ions  of 0.07 and 0.12 OC f o r  10 sec  measurement periods without 

and with a 3.3 W beam respect ively .  A t  TMPSET of 500 O C  with 1 a t .  He, 

s tandard dev ia t ions  of 0.05 and 0.12 O C  were obtained f o r  10 second 

measurement periods without and with a 3.3 W beam, respect ively .  

Figure 67 i l l u s t r a t e s  t h e  system e r r o r  due t o  r e c t i f i e r  and 

l i n e a r i t y  e r r o r s .  A Keithley model 180 DVM was used t o  measure VERROR 

whi le  a Hewlett-Packard model 3490A DMM was used t o  measure VCUKK. 

RXSET = KS = 0.1 was assumed t o  compute ARX =DELRX. Peak e r r o r  due t o  

n o i s e  is  shown i n  Figure 67. Darlington 2N5087 and 2N5089 t r a n s i s t o r  

r e c t i f i e r s  were employed. Note t h a t  with an AD528JH opamp, ARXfs held  

t o  wi th in  30 ppm f o r  cur ren t s  ranging from 200 mA t o  above 30 A. I f  

n o i s e  is  included, then a peak e r r o r  of 30 ppm i s  obtained f o r  a  current  

range of 2 A t o  30 A. Excluding noise ,  an AD506LU opamp gives  a t y p i c a l  
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- error of 30 ppm in R for a current greater than 2 A. Also note that 
X 

for AD528JH opamps, the AC and. DC offset controls can be adjusted to 

reduce the error to less than 10 ppm for currents above 3 A. This 

indicates that the PID can measure resistance with sufficient accuracy 

to enable outstanding temperature measurement accuracies; i.e., 

accuracies range from 0.005 O C  at 150 OC for zirconium to 0.2 OC at 

700 O C  with Hastelloy F for a 10 ppm resistance accuracy. Moreover, the 

noise voltage contributed by the rectifiers is less than a fourth of the 

noise of the instrumentation amplifiers. Hence by redesign of these 

amplifiers, a resistance measurement accuracy of 2 ppm may be obtained. 



CHAPTER VI 

CONCLUSIONS 

I. DISCUSSION OF RESULTS 

It was shown that temperature control for an irradiation experiment 

is very complex. Although a constant average specimen temperature 

averaged along the width and length of the sample to within 0.05 O C  is 

necessary for some materials to prevent 1 ppm thermal expansion, the 

temperature profile must also be fairly constant. This is required 

because of the nonlinear nature of thermal expansion versus temperature 

and nonlinearity of the temperature measurement system. Moreover, 

temperature dependence of the total sample creep rate may require a 

uniform sample temperature. 

It has also been shown that accurate ueasurement of the specimen 

temperature in the environment of the cyclotron is difficult; however, 

a technique has been described by which the sample resistance can be 

utilized to measure and control specimen temperature. 

A new modification of a Kelvin bridge was designed to allow 

compensation for resistance drift. The bridge is designed to allow two 

switchable balance conditions: one at operating temperature, and the 

other at ambient temperature. A correction potentiometer is in series 

so that it changes the balance condition for the sample by the same 

amount on both balance condirfons. Thus, by periodically rebalancing 

the bridge with the specimen at a constant ambient temperature with the 

correction potentiometers, the operating set point is automatically 

compensated for resis'tance drift. 

284 



A new phase-insensitive method of detecting the bridge error signal 

was presented in Chapter 111. It was shown that by detecting the 

magnitudes of two bridge signals before taking the difference, the errors 

caused by reactances in the bridge were substantially.reduced. However, 

the PID is sensitive to gain drift and linearity in the AC to DC 

converters. In addition, the type of detector influences the transient 

response and noise rejection of the PID. The S/N gain for both the peak 

and average magnitude detector is 3 dB, but for an rms detector, the S/N 

gain is dependent on the input SIN. For high input S/N, the S/N gain can 

be substantial for an rms detector. Unfortunately, rms detectors with 

sufficient accuracy are too slow in response time to be used as the 

primary detector. Because of the low sensitivity of the average magnitude 

detector to phase shift of distortion products and its fast response, the 

average detector was deemed the best choice. 

Chapter IV presented a detailed study of rectifier accuracy 

limitations. It was shown that current driving diodes or transistors 

resulted in almost perfect rectification. Furthermore, it was shown 

that putting diodes or transistors in the feedback path of an opamp 

simulated a current source drive. Neglecting frequency response 

limitations, an approximate analysis of the performance of the rectifier 

was made assuming a piecewise-linear diode model. A more accurate 

analysis was completed assuming an exponential diode model via an 
'\ 

iterative technique. It was shown that for a wide range of input 

voltages, the computations converge in one iteration. Thus, it was 

poooible to write an expression for ch-e receffier error. This technique 

proved much easier to use than the piecewise-linear results besides 



being more accura te .  Both methods showed an improvement i n  accuracy 

f o r  both  peak and average de tec t ion  with an increase  i n  opanp gain or  

inpu t  s igna l .  Furthermore, i t  was shown t h a t  t h e  e r r o r s  were composed 

of t h r e e  terms, a  constant  s c a l e  f a c t o r  e r r o r ,  a  DC o f f s e t  e r r o r ,  and 

a  nonlinear e r r o r .  A t  low input  vol tages ,  t h e  DC and nonlinear com- 

ponents dominate, whi le  a t  high input  vol tages ,  t h e  s c a l e  f a c t o r  e r r o r  

dominates. Provided t h e  gain of t h e  opamp i s  constant  over t h e  

frequency range of i n t e r e s t ,  t h e  e r r o r  can s u b s t a n t i a l l y  be reduced by 

n u l l i n g  the  l i n e a r  e r r o r .  

To include second order e f f e c t s  such a s  device capacitance,  opamp 

slew r a t e  l i m i t a t i o n s  and frequency response, CSMP simulat ions were 

w r i t t e n .  These showed t h a t  f o r  a  given loop gain a t  the  input  frequency, 

a  s i n g l e  pole  r o l l  of f  i n  the opamp gain can a c t u a l l y  improve t h e  

r e c t i f i e r  accuracy because t h e  e r r o r  s i g n a l  i s  s h l f t e d  i n  phase with 

respec t  t o  t h e  output .  

Both computer and t ~ a ~ l d  ana lys i s  showed LhaL a t r a n s i s t o r  r c c t i f  i e r  

is  p o t e n t i a l l y  super io r  t o  a  diode r e c t i f i e r  because the  output  is 

propor t ional  ( i d e a l l y )  t o  the  feedback cur ren t .  Hence a  t r a n s i s t o r  

r e c t i f i e r ' s  e r r o r  i s  t h a t  of the feedback cur ren t .  The diode r e c t i f i e r  

has  the  same e r r o r  component i n  add i t ion  t o  t h a t  due t o  t h e  feedback 

vol tage .  The s c a l e  f a c t o r  e r r o r  can be reduced s u b s t a n t i a l l y  by making 

t h e  feedback uniry  f o r  t h e  t r a r l s i s to r  r e c t i f i e r .  

However, t h e  common base current  gain non l inea r i ty  can s u b s t a n t i a l l y  

reduce the  accuracy of a  t r a n s i s t o r  r e c t i f i e r .  It was i l l u s t r a t e d  t h a t  

increas ing H choosing a  device with a  constant  H versus  c o l l e c t o r  FE ' FE 

c u r r e n t ,  o r  using a  MOSFET could reduce o r  e l iminate  t h i s  e r r o r .  The 



- 
287 

effects of using a Darlington transistor to increase H were examined. 
FE 

In the analysis including transistor capacitances, leakage currents, and 

HFE versus collector current, some strange errors occurred. In a pure 

Darlington with no R, the error changed polarity at low input signals or 

frequency. However, for moderate to large input signals and for fre- 

quencies above 300 Hz, the error for the pure Darlington rectifier was 

lower than that for Darlington rectifier with R = 14.7 KQ 

Experimental waveforms and measurements were compared with calculated 

results. The most severe error occurred at low input voltages where the 

transistor model may not have been accurate. Since the computed polarity 

change in error for the Darlington transistor is due to device capacitance, 

error in capacitance values is the likely cause of the error, particularly 

since device capacitances (CBE) can be current dependent. Agreement 

between measured results and computed results was particularly good for 

the diode rectifier. Differences between the delay method and the 

differential method were small. 

The temperature control system was analyzed approximately by hand 

in addition to elaborate CSW simulation. Agreement of results was 

cxccllent. The eLIects of rhe filters were a small overshoot in the 

temperature when the beam was turned on or off. Actual system perform- 

ance proved to be better than predicted since the beam cannot be 

manually turned on or off instantaneously. Short term temperature 

control (- 10 sec) was demonstrated to be approximately 0.14 to 0.05 OC 

with the long term temperature control (- 10 min) being 0.03 O C .  



11. SUGGESTIONS FOR FURTIIER STUDY 

Severa l  a spec t s  of the  computer s imula t ion  of r e c t i f i e r  accuracy 

could be  improved. The two b a s i c  problems wi th  the  CSMP simulat ion were 

round off  e r r o r  and excess ive  execution time. The round off  e r r o r  might 

b e  approached i n  two ways. F i r s t ,  a s i g n a l  t h a t  c lose ly  approaches t h a t  

t o  b e  in teg ra ted  could b e  sub t rac ted  from t h a t  s i g n a l .  Thus t h e  computer 

would have t o  i n t e g r a t e  a snialler s i g n a l  t o  t h e  same abso lu te  e r r o r .  I f  

t h e  r e fe rence  s i g n a l ' s  i n t e g r a l  is  known e x p l i c i t l y ,  then ic may be 

added t o  t h e  i n t e g r a l  of the  d i f fe rence  s i g n a l  r e s u l t i n g  i n  b e t t e r  

o v e r a l l  accuracy and poss ib ly  a saving i n  computer t i m e .  A second 

approach would b e  t o  i n v e s t i g a t e  o ther  numerical i n t e g r a t i o n  methods and 

incorpora te  them i n t o  t h e  CSMP l i b r a r y  v i a  t h e  CENTRAL i n t e g r a t i o n  rout ine  

i n  double p rec i s ion .  Furthermore, d i f f e r e n t  computer programs might g ive  

b e t t e r  r e s u l t s  ( see  References 72, 73, and 74 f o r  suggested programs). 

Tn add i t ion ,  accuracy could be improved by incorpora t ing  more exact  

models f o r  t h e  r e c t f  fylng devices.  

E f f e c t s  of temperature p r o f i l e  on t h e  i r r a d i a t i o n  creep experiment 

should b e  analyzed i n  more d e t a i l .  Furthermore, r e s i s t a n c e  d r i f t  versus  

f luence  and temperature needs t o  b e  s tudied  i n  g r e a t e r  d e t a i l .  
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APPENDIX A 

COMPUTER PROGRAMS TO FIT POLYNOMIAL EQUATIONS TO SPECIMEN 

RESISTANCE AND LENGTH VERSUS TEMPERATURE DATA POINTS 

.AND TO CALCULATE PARAMETERS OF THE TEMPERATURE 

CONTROL SYSTEM 

The following program will fit polynomial equations of the form 
N 

Y(X) = 1 A. x'-' to M data points, (X,Y) where N~M~ZO. Moreover, 
j =l J 

the program also provides a polynomial equation for x(Y). Optionally, 

Y(X)/Y(O) and X(Y/Y(O)) may be computed. Usage and description of the 

program are given on the next page. 



CURVE F I T T I N G  PROGRAH WRITTEN BY MICH4EL G o  DUNCAN ON JANUARY 2 9  1 9 7 6  

PURPOSE 
TO F I T  A POLYNOMIAL FOUATION OF ORDEH LESS THAN M TO M OATA POINTS 
ROUTINE GIVES BOTH Y ( r )  P Y D  x ( Y ) .  

D E S C Q I P T I O ~ I  OF PbRIMETEQS 
NTQCHG TS EMPLOYED TO INTERCPINGE X  b Y SO AS TO GIVE Y ( X )  6 X ( Y ) .  
CHEN NTQCHG I S  I* X S Y ARE EQUAL TO THEIR ORIGINAL  VPLUES* HUT 
WHEN NTRCHG I S  29 X 6 Y APE EQIJAL TO THE ORIGINAL  VALUES OF Y  & h 9  

RESPECTTVELY. 
X  I S  THF V ~ R I A H L E  OESCHIBFD PY YAMEX AND hAMEY WHEN NTRCYG I S  1 6 
RESPECTTVELY. 
Y  I S  THE VARIASLE DESCQI.YED 9Y NAMFY ti NAMEA WHEN N T ~ C Y . G  I S  1 R Z 
RESPECTTVFLY. Y  I S  I FUNCTICN OF X .  
YFTPL = TYPE OF M F T I L ,  
M = NUMREM OF D4TA POINTS ( X 9 Y ) .  
YESROR = PMS ERROR; THAT I S *  SOQOOT(SU* OF ( ( Y C A L  - Y) ** 2 )  / MI .  
XEQROQ = YYS EHROR; THAT TS, SQQOOT(5UM OF ( ( X C A L  - X )  ** 2 )  / MI .  
N O ~ A T A  = NIJYSEH OF DAT4 SETS. 

INSTRUCTIONS FOR USE OF Dd069AM. 
OY THE F I R S T  CAPO TYPE TnF NbN9EH OF DATA SETS I N ' T H E  F I R S T  TWO 
COLUMNS*AND I N  THE TFIRD COLLMY TYPE THE NUMBEQ 1 I F  NORMALIZATION 
I S  DESIRED. LEAVE I T  !?LANK CTHERVISL. NORMALIZATION d I L L  G I V E  
X(Y /YO)  WHERE: X ( 1 )  = 0. OTHERUIISE YO =: 1. ON THE NEXT DATA C4RO 
TYPE THC N4YE OF THE VETAL Ih ,  THE F I R S T  TWENTY COLUYNS* NAMEX I N  
THE NEXT TJENTY COLUP~SI  NAMEY I v  THE FOLLOWING TWENTY COLUMNS* 
X5QROR I N  THE NFXT N I k E  c0LUVk.51 YEHHOK I N  THE FOLLOWING N I N E  
COLUMNS* AND THF NUYRER OF DPTA POINTS I N  THE LAST TWO COLUM?lS. 
ON THE NEXT CARD TYPF THE DATA POIVTS*  ( X * Y ) r I N  CONSECUTIVE OeDEQ 
AC90SS THE CPRO 4LLOWIhG TEN SPACES PER NUMBER. FOR INSTANCE, 
IF v = q *  THEY O W  D A T A  CIRD r n u L o  HOLD THE FOLLOWING: X ~ , Y ~ ~ X Z I  
Y i ? * X 3 r Y 3 r X 4 r Y 4 r  AND THE NEXT CdRi) lJOULU MOLO, THE F I F T H  OATA POINT. 
UP TO TWENTY DATA P O I k T S  CAN RF H4'dDLED WITHOOT PROGRAM M O D I F I -  
THE M E T A L  FTC. ON THF N E X T  c P Y n .  UP T O  .99 D A T A  S E T S  C A N  RE 
HANDLED. 

REMARKS 
PROGRAM USES LEAST SCUARE EHKUY CRITERIA.  
PROGRAM CALLS SUFIROUTINE DGELG TO SOLVE SIMULTANEOUS L I N E A H  
EQUATIONS. 
PRINTS FRROR MESSIGES I F  dODATA = 0 1  M LEES THAN Z OR GREATEH THAN 
2 0 9  OR X OR Y  TO0 LARGE FOR A GIVEV M. 

DIMENSION N A Y E X ( S ) *  N A M E Y ( 5 ) r  M E T A L ( 5 )  
DOUBLE DRECISION X ( 2 0 ) r  Y ( ? n ) r  4 ( 2 0 ) r  CONST(ZO)*  Y C A L ( 2 O ) r  

1 L S Q C A ( 4 0 0 ) r  SUMbTX(39 ) ,  ABSER,R(2O), XSTORE(EO)*  Y S T O R E ( 2 0 ) t  
2 SUMSO* XO* DSQRTI D6RS 

READ 1 0 0 0 1  NODATA* NORM 



C 
C  P R I N T S  E R R O R  M E S S A G E  I F  l l -ODATA"=O.  
C  

I F  (NODATA.EQ.0 )  P R I N T  1 0 1 0  
C  
C  DO L O O P  T O  H P N D L F  N O C A T A  NUMYER O F  D A T A  SETS .  
C  

DO 2 8 0  hJIlMRUN = 1 t NOOATA 
HE4D 1 0 ? 0 9  M E T 4 L m  N A Y E X *  N A Y E Y *  XERROR, YEQROR*  M 

C  
C  P R I N T S  E R R O Y  M E S S A G E  I F  t~ . G T . . Z O  .OR. M .LT.  2.. 
C  

I F  ( M  .GT. 20 -04. .LT.  2 )  P Q I Y T  1 0 3 0 '  
R E 4 n  1 0 6 0 1  ( X ( K L M ) r  Y ( Y L M ) 9  K L M  = 1 9  M )  

C  
C THE M4xI.MUM 0 Q D E R  O F  T Y F  E Q U P T I C N  I S  !4 - 1. 
C  

M L S l  = M - 1 
M L S I X Z  = 2 * V L S 1  1 
S l J M A T X ( 1 )  = F L O A T ( Y )  

C  
C  DO L O O P  T O  I M T E H C Y A N C E  X L Y  SO 9 S  TO ~ I V E  Y ( X )  b X ( Y ) .  
C  

DO ?en NTPCHG = i,, 2 
c 
C  S E T  U p  O F  C O E F F I C I E N T  H b T R I X  F O F  S U d 9 0 U T I N E . D G E L G .  
C  

DO 3 0  K = 2 9  d L S l X Z  
S U Y A T X ( K )  = 0 .0  

C 
C  N O T E  T H A T  T Y F  DO L n O P  ON C A G D  1 0  V b Y  JE DO 2 0  OR DO 30  T o  n L T E 9  THE 
c CPU TIWE 4wn Fqro? P ~ I N T O U T  F:FFICTE%CY. IF DO 2 0 ~  CPU T T M F  T S  FASTER 
C  - B U T  O V F Q F l  Q w  M A , Y  T F W u I ? r 4 T C  K Y E C c  I I.U!J i3EFORE ERRO!?, M E S S A G E  I S  P R I N T E D .  
C  I F  D o  T Y F  F Q Q 9 R  Y E S S A G E  <$ILL 9E P R I N T E D  B E F O R E  09 A F T E N  OVERFLOH. 
C  C p U  T I M E  M A Y  a €  S L I G e T L Y  L O N G E R *  d O d E V E R .  
C 

1 0  DO 3 0  K b  = 1 9  9 
20 S U M A T K ( ~ )  = SIJMAT.Y( 'K )  + x ( K A ) * * ( K  - 1 )  

C  
C  P R I N T S  WAYWING S T A T E W E N T  I F  S O W A T y ( ' 0  *GT. 71575 AND LIMITS T H E  
c ~ n r c r ~ i l ~  ORnFP OF T P ~ E  POLYI:OHIAL T n  LFSS T H A N  Y-i T O . P R E V E N T  OVERFLOW. 
C  

I F  ( S U M A T K ( K )  .GT. 7 . 0 C 7 ~ )  E O T O  4 0  
30  C O N T I N U F  

M P R I M F  = M .  

GO TO en 
40 I F  ( N T Q C H G  - 1) 5 0 9  5 0 ,  6 0  
5 0  P R I N T  1 0 5 0  

GO TO 70 
60  P R I N T  1Q6n 
70  MPYlME = K  / 2 
90  Y P R L S l  = M P R I M E ,  - 1 

C  
C S E T  U p  O F  C O N S T P V T  VECTOW F 0 Q  S U 9 D O U T I N E  DGELG.  
C  

00 1 1 0  J K  = 1, MPYTHF 
C O N S T ( J K )  = 0.0 
D O 1 1 0  L K = l r M  
I F  ( J K  - 1 )  9 0 9  9 0 9  1 0 0  

90  C O N S T t J K )  = Y ( L K )  + C O N S T ( J K 1  
GO TO 1 1 0  

l o o  CONST(JK )  = C O N S T ( J K )  + Y ( L K )  * X ( L K ) * * ( J K  -. 1 )  
110 C O N T I N U F  



C  DO LOOP TRTES TO F I T  L I N E A R  EOUPTION F I R S T .  I F  ERROR I S  TOO H I G H *  I T  
C  I N C R E I S E S  THE ORDER OF THE EQUATION U N T I L  Ei?ROR r?EQUIHEMENTS ARE MET 
C  OR THE ORDFR REPCHES MPHIME - 1. 
C  

DO 2 5 0  N  = l r  YPQLS1  
N P L U S l  = N + 1 

C  
C  CONST I S  USED FOH STCRAGE OF COASTA:'JT VECTOR.. A  I S  SET FQUIVALENT  TO 
C  CONST REFODE EXECUTION OF DGELG. DGELG RETURNS i3ESULTANT VECTOH AS 
C  VE.CTOR A* 
C  

0 0  1 2 0  J K L  = 1. KPLUS1  
A ( J K L )  = CONST(JKL1  
DO 1 2 0  L Y J  = l r  N P L U S l  

1 2 0  L S O C A ( ( L K J  - 1 )  * N P L U S l  + JKL )  = S U M 4 T X ( L K J  + J K L  - 1 )  
CALL OGFLG(A9 LSQCA, N P L U S l r  l r  1.OE-14r YER) 

C  
c C a L c u L P T I o ~ I  OF Y ( X )  PND ERROR T E S T .  
C  

SUMSO = 0.0 
DO 1 5 0  YC = 1, M 
y c a L ( T c )  = ~ ( N P L U S ~ )  
DO 1 4 0  L C =  l r  N 

1 4 0  Y C A L ( 1 C )  = Y C 4 L ( I C )  Q X ( I C )  + P ( N ? L U S l  - L C )  
A S S E R R ( I C )  = Y ( I C )  - Y C A L ( T C )  

1 5 0  SUMS0 = S U M S 3  + ( 4 a S F q i ? ( I C ) )  a *  2 
C  
C  CONVEaTS SUM SOU4HF E R H o ~  TO dMS ERH09. 
C  

SUYSQ = DSQRT (sueso . I  S U M ~ T X  ( 1)  
C  
C  EXCHANGE Of X AN3 Y  b E A D I h G S  dHEN NTRCHG = 2. 
C  

I F  ( NTRCHG - 1) 1 6 0 9  160 ,  220 
C  
C  XO = Y ( 0 )  WHEN NTHCHG = 1  
C  

1 6 0  I F  (NORM - 1) 170 .  1 F 0 r  1 7 0  
1 7 0  XO = 1.0 

P R I N T  lOROr  MET4Lq Wb,YEXr NAVEY*  ( L *  X ( L ) ,  Y ( L ) r  Y C A L ( L ) r  
1 A 3 S E R H ( L ) r  L  = 1 9  M )  

P R I N T  1 0 9 0 r  NAMFYr NAMFXr METAL*  h ( l ) r  ( A ( K O U N T + l ) r  KOUNTI KOUNT = 
1 l* N )  

P R I N T  1 1 , @ 0 *  XO 
GO TO 2 1 0  

C 
C  N O R M a L I Z b T I O 4  OF Y .  Y  I S  D I V I D E D  f ly  Y ( O ) .  
C  

1 8 0  xd = a ( i )  
DO 1 9 0  UGD = 2 r  NPLUS1 

1 9 0  A ( Y G D )  = P I M G O )  / a ( 1 )  
P R I N T  1 0 8 0 1  M E T 4 L r  N A M E X ,  NAPEY, ( L r  X ( L ) r  Y ( L l r  Y C A L ( L ) *  

1 A B S E H R ( L ) r  L = l r  H )  
2 0 0  P R I N T  1 1 1 0 1  NAMFY* NIMEX, METAL*  A ( l ) r  ( A ( K O U Y T + l ) r  KOUNTI KOUNT = 

1 1 4  N )  
2 1 0  P R I N T  1 1 2 0 9  SUMSa 

I F  ( I E W  .NE; 0 )  P R I N T  1 0 7 0 r  I E R  
I F  (SUMSQ OLE. YERROR) GO TO 2 7 0  
GO TO 25n 



C 
C Y ( X )  I S  NOQVALIZED TO Y ( X / X O ) .  
C  

2 2 0  DO 2 3 0  u6n = 2 r  NPLIJS1 
? 3 0  A(MGD) = A ( M 4 0 )  * ( X O  **  ( W B O  - 1 ) )  

PRINT  1 0 9 0 1  METAL* NPFEY* N-APEX, ( L r  X ( L ) r  Y ( L ) ~  Y C A L ( L ) ,  
\ A B S E Q + ( L ) -  L  = l r  M )  

2 4 0  P R T N T  i n q o *  Y a y F x *  NPNEY- M E T A L ,  ~ ( 1 ) ~  ( A ( K O U N T + ~ ) ,  KOUNT, KOUNT = 
1 1 .  N )  

PRTNT 1 1 0 0 r  XO 
PRTNT 1 1 2 0 1  S U M ~ ( J  
I F  ( I F R  .NE. Q )  P P I h T  1 0 7 0 9  I E R  
I F  (S.UMcQ .LE. XERROi?) G d  TO ? n o  

250 CUNllNUF 
C 
C 
C P I i INT  bi4PNfNG I F  ERdOF! RELJIJI?EMEwT !JOT I*IET. 
C 

260 P a r N T  1 1 3 0  
2 7 6  Cn,'JTTNLJF 

c 
C T H I S  ROUTINF INTEVCH.4Pii;FS 4 I?N[) Y. 
C  

0 0  3 7 5  TC = 1. u 
XSTORF(1C) = 4 ( T C )  
YSTORF(TC) = Y . ( T C )  
Y ( T C )  = X q T O a F ( I C )  ' 

? 7 5  X ( T C )  = YGTOQE(TC) 
2 H O  COWTINUF 

1 0 0 0  F 0 9 u A T  ( I 7 r  T l )  
1 0 1 0  FO+fJAT f 1 p l  * 1 *** E q Q C ?  *** > n ! ? 4 T ~  (Tr lF  NI.IMBE'Q OF DATA SETS) I S  S 

IPECTFTFn AS ZE*O. l )  
1 0 2 0  FOYVAT ( 1 5 A 6 1  3FG.2.  1 2 )  
1 0 3 0  FOQM4T I l H ! ) .  1 * **  F Q q C 2  *** b' ..;T. L O  .do?* f l  .LT. 3 .1)  
1 0 4 0  FORHAT ( u F 1 0 . 6 )  
1 0 5 0  k ! I V M A T  ( 1 d l r  *** i h i i h I h i G  ***  SIJ%# O f  X * * ( , 2 * M - l )  .ill. 7F75, 4uXIhll.I 

, - ' l M  OPDFP O F  Tbit POLYIU(?,SIOL H 4 5  Y E E F \ l  L I " I I T E 3  .LT. b!-1. I )  

1 0 6 0  FOHPbT ( I H l r  1 *** i j ! l < % I r \ r G  * a *  S!I" OF Y * * ( Z * M - l )  .GT. 7F75. q A X I f i  
iuw opnFo OF TYE P ( ? L Y ~ C ~ ~ I L I L  H P S  ~ E E N  LI:-ITTEL) .LT. M - 1 1 )  

19.70 FO?MAT ( 1 9 9 .  5 0 x .  ' I F G  = * r  1 3 )  
l O a O  FORr4T  ( 1 Y 1 .  *4X91 l )ATJ iJOI!gTS A V 0  i?E>l!LTS F'fi it 5 9 4 1  / / r  18A1 

1  * L l 1  R Y q @ X  = 1. S d 4 t  ? A *  * Y  = I *  5 h 4 9  L O X ,  ' Y C A L ( L ) @ r  1 5 x 1  
2  ' Y ( L )  - Y C 4 L ( L ) ' *  ( 1 7 x 1  I;?.  1 3 x 9  lP1)13.b. 13h ,  1P91,3.6, 1 3 x 9  
3 1 P D l 3 . h r  1 3 x 9  1PO13.5. / )  ) 

lOFU FORMAT ( I n n .  2 4 x *  =A49 AS A ~ ' U W C T I O N  OF 1 9  5 4 4 9  1 F O R  * ,  5 A r 1  
1 / / v  4 h Y 1  I Y  = * *  1 P l . ) 1 3 . 6 .  / r  ( / r  ~ O X I  + ( I *  1PQ13.6 
2 9  1 )  * ( X  i O )  ** 1, I,?)) 

1100 F O Q M A T  ( i t i n 9  ~ ~ X ~ ~ W ~ I E Q F  X C . =  1. l~n13.61 
l l l n  r O R M A T  ( I H b *  2 4 X .  SA4. * h S  a Fu!qCTIbh OF  1, 5 4 4 9  1 FoH ' 9  5A4, 

1 / / r  4 3 x 1  * Y  / ( ' 9  lDI?13.h. 1 )  = 1.01 / r  ( / a  h O F ,  ' + ( I r  1PD13.h 
29 * )  Q .v ** ' r  1 2 ) )  

1 1 2 0  FORPAT (1H0 ,  / *  4 7 x 9  *4OOT M E A Y  4QUAdF EdHOH = ' r  1PE13.6) 
1 1 3 6  FOeM4T ( 1 H 1 1  I*** k A Q ~ 1 r v G  * * a  XERROK OH YEHROH HEQUIREYENTS HAVE 

lNOT SFEM Y F T ' )  
STOP 
EN0 



SUSROUTINE DGELG 

PURPOSE 
TO SOLVE A. GENFRAL S Y S T F M  OF SIMULTANEOUS LINEAR EQUATIONS.  

US4GF. 
CALL  D G E L G ( Q t A * w * N r F P S t I E R )  

DESCRIPT IOY  OF PARAUETFRS 
17 - 9OUHLE P Q E C I S I C N  ".r HY Y H I 5 I i T  HsNO SlUF:  MATRIX 

(DFsTnnYE i ) ) .  C N  R E T ~ R N  H CONTAINS THE s O L ' U T I O ~ S  
OF THF EOUATICNq. 

4  - DOUHLF P H E C I S I O Y  !4 3 Y  M COEFF IC IENT  MATRIX 
(DESTQO'YEO). 

M - THE NUfJ9EW OF E O U I T I O N S  I N  THE SYSTEP. 
"4 - THE NUb'REH OF Q l G d T  H A Y O  SIDE VECTORS. 
EPS - S INGLE  PQECISIOW INPUT COYST9NT WHICH I S  USED AS 

Q E L A T I V E  TnLEGdNCE FOi4 TEST ON LOSS OF 
q I G N I F I C A N C E .  

I FR - RESULTING E 3 R C n  PAQ4YETEQ COOEO AS FOLLOdS 
IEG=O - Qn E G Q Q Q ~  
I€!?=-1 - NO RESIILT dFCAUSE OF M LESS THAN 1 0 3  

P I V O T  F L E N E ~ ~ T  AT ANY E L I M I N A T I O N  STEP 
Ff.ldAL TO O *  

I E S = K  - e a q N I V G  3UE TO P O S S I b L E  LOSS OF S I G N I F I -  
CfiYCE 1,NDICATEU AT E L I M I N A T I O N  STE? K + 1 *  
**EYE P I V q T  CLEMENT w4S LESS TqAN OR 
EO!JAL TO T-iE INTEWNAL TOLERANCE EPS T IMES 
f.*SOLUTEL'Y GWEATEST ELEMENT OF M A T R I X  A. 

REMaoKS 
I N P U T  td4Ta ICES  6 ANn A  AQE 4SSUMED TO YE STORED COLUMNHIS€ 
I N  Y*N HESP. Y * M  SUCCESSJVE STORAGE LOCATIONS. ON RETUR(4 
SOLUTION MbTRIX  R 1 5  STO9F0 CULUMNHISE TOO. 
THE PROCEDURE G I V E S  RESIJLTS I F  THE IrlCIMHER OF EQU4T IONS M I S  
GQEATEH THAK 0  AND P I V C T  ELEMENTS 4T ALL E L I M I N A T I O N  STEPS 
9PE DIFFEQENT F q O M  0. PONEVFY r 4WNING IER=K  - I F  G I V E N  - 
I N D I C A T E S  POSS.TuLE LOSS O F  S I G N I F I C 4 N C E .  I N  CASE OF 4   ELL 
SC4LED HCTHTA 9 AhD APPQQPHIATE TOLERANCF EPSI IEQ=K  MAY 6 E  
INTFRPRETED THAT MATUIX A I d s  THE itANK Y .  NO tdA6NING I S  
GTVFN I N  CASE N = l .  

D IMENSION b ( 4 0 0 )  r R  (.20) 
DOUBLE P R E C I S I O N  A , A * P I V ~ T B ~ T O L I P I V I I  D A B S  
I F ( M )  2 3 0 r 2 3 0 * l n  



C SEARCH F 0 9  GREATEST ELEMENT I N  MP.TRIX A 
1 0  I F R = O  

P I v = o . D n  
MM=M*Y 
NM=N*Y 
DO 3 0  L = l r M M  
T B = D A S S ( 4 ( L ) )  
I F  ( 1 8 - P T V )  3 0 - 3 0 e 2 0  

2 0  PTV=TR 
I =L 

3 0  C O N T I N U F  
TOL=EPS*PTV 

C A ( 1 )  I S  P I V O T  ELEMENT. P I V  CCNTA.1NS THE. ABSOLUTE V4LUE OF A ( I ) .  
C 
C 
C START E L I M I N A T I O N  LOOP 

L S T = \  
DO 1 7 0  K = l r M  

C 
C TEST ON S I V G U L 4 Q I T Y  

I F  ( P I V )  3 3 3 * 2 : 4 0 r ~ O  
4 0  I F ( I E Q ) ~ 0 * 5 0 * 7 0  
5 0  I F ( P I V - T O L ) b 0 * h O t 7 0  
6 0  I E * = K - 1  
7 0  P I V I = l . n O / A ( I )  

J = ( I - l ) / M  
I = I - J * M - K  
J=J+  1-K 

C I + K  I S  ROW-INDEX* J + K  COLUYN-TNIDEX OF P I V O T  ELEMENT 
C 
c PIVOT wnw 2EDIJCTIOhl 4kr3 H O W  INTERCHANGE IN WIGHT HAND S T D E  R 

DO 8 0  L P K v Y M v M  
L L = L  + I 
T B = P I V I * R ( L L )  
R ( L L ) = R ( L )  

P O  Q i h ) = T u  
C 
C . I S  E C I M T N A T I O N  TEQYIYPTEO 

I F ( K - M ) Q 9 r 1 8 0 r 1 9 0  
C 
C COLUMN TNfFRCYAbJGE I h !  N A T q I X  A 

9 0  LEND=LST+Y-K 
I F ( J )  1 2 n * 1 ? 0 * 1 0 0  

1 0 0  I I = J * W  
nn 1 ~n L Z L F T - L E ~  
TR=b ( L )  
L L = L + T I  
A ( L ) = A ( L L )  

1 1 0  A ( L L ) s T n  
C 
c R O W  INTFRCHANGE A ~ I I  PIVOT HON 'PEDUCTION IN MATRIX A 

1 2 0  DO 1 3 0  L=LST*MMe!4 
L L = L  + I 
T R = P I V I * A  (LL)  
A ( L L ) = A ( L )  

1 3 0  4 ( L ) = T B  
C 
C SAVE COLUMY INTERCHANGE I N F O R M A T I O N  

A ( L S T ) = J  



C  
C  ELEMENT REDUCTION AND NEXT P I V O T  SEdRCH 

p I v = o . D n  
L S T = L S T +  1 
J = O  
DO 1 6 0  ,TT=LST.LFND 
P I V I = - A t 1 1 1  
I S T = I l + M  
J = J + l  
DO 1 5 0  L.=IST*MM.*)J. 
L L = L - J  
A ( L ) = A ( L )  + P I V > I * A  ( L L )  
T B = D A 9 S ( 4  ( L )  
I F ( T 9 - P T V ) 1 5 0 * 1 5 0 * 1 4 O  

1 4 0  PIV=TR 
I =L 

1 5 0  CONTINUF 
00 1 6 0  L = K * N M * #  
L L = L + J  ' 

1 6 0  R ( L L ) = R ( L L ) + D I V l * R ( L )  
1 7 0  L S T = L S T + M  

C  END OF F L I M I N A T I O N  LOOP 
C  
C 
C  BACK S U 4 5 T I T U T I O p i  ANn S A C K  IhTFRCHANGE 

1 8 0  I F ( M - 1 )  ? 3 0 * . 2 2 0 * 1 q 9  
1 9 0  IST=MY+M 

. L S T = M + ~  
DO 2 1 0  T=?-M 
I I = L S T - T  
I S T = I S T - L S T  
L = I S T - M  
~ = 4  ( L )  +..so0 
DO 2 1 0  , l = I I r N M * ' ~  
T9=R ( J )  
L L  = J 
DO 2 0 0  K = T S r r M M * M  
L L = L L + l  

2 0 0  TB=TB-A ( K ) * R  ( L L )  
K = J + L  
R ( J ) = R ( K )  

2 1 0  R ( K ) = T 8  
221-1 RETURN 

C  
C  
C E R R 0 9  HFTURN 

2 3 0  I E R = - I  
RETURN . 
FYI7 



The next program takes normalized equations for R (T) and L(T), as 
X 

provided by the previous program, to compute the following parameters at 

six temperatures: given the resistivity of the sample at T = 0 OC, 

R (T) and R;(T) for one or two sample thicknesses and a gauge length of 
X 

2 cm, the temperature and resistance control for 1 ppm thermal 

expansion, the thermal expansion for 0.05 OC temperature control, 

'error due to specimen temperature changes of 0.05 OC and that which 

causes 1 ppm thermal expansion both with and without beam power, VR 
X 

('error normalized with respect to heating current) for 0.05 O C  tem- 

perature change and that which results in 1 ppm thermal expansion, ohmic 

heating current and the current monitor voltage (V ) with and without Rx 

beam power, the sample temperature deviations from set point that will 

cause V error and VRx to be 10 V, and the bridge potentiometer settings 

(CP). All of the above are calculated for three values of Rs. If a 

given parameter cannot be computed for a given condition, the value of 

zero is assigned. A sample printout i s  also provided. 



c I R ~ A ~ I I T I V V  C H F E ?  TEMPERATURE COIITHOL PARAMETER LIMITS PROGRAM WRITTEN 
C  B Y  M T C H A E L  G .  Q l I h i C P Y  O N  J A M t J A R Y  149 1 9 7 6 .  
C 
C O ~ O O O O U Q O ~ O Q O O O O O O U O O O O O O O O O O O U U O O O O O Q ~ Q ~ Q O ~ ~ O ~ ~ ~ ~ * ~ ~ ~ ~ O ~ ~ ~ O ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ *  

C 
C  
C  P I J Y P O S E  
C  T O  F I N E  P P R A C I E T F R  L I M I T S  O F  S A M P L E  T E h P E 3 A T U R E  C U N T R O L  S Y S T E M  F O R  
C T Q F 4 D I A T I O b ;  C H F E P  E X P E e l M L N T .  ? Y O G R A M  F I N D S  T H E  F O L L O W I N G  
C  P A R A M E T E R S  4 T  S T 1  O P L H 4 T I N 6  T E Y P E R A T O Y E S *  W I T H  A N D  W I T H O U T  R E A M *  
C  A N 3  F O G  3 AND ' W I L  S n v P L t S :  HX A h 0  I T S  T E M P E R A T U R E  C O E F F I C I E N T *  
r 9 0 T r  E ' i 4 O k  ; * l O h I T O d  V O L T A G E S  Fl)4 0 . 0 5  C  T E y P E R 4 T U R E  E R R O R  A N D  T H E  
C T F N P E Q d T U H E  E G . 4 0 9  Te i f iT  M O U L D  C I l J S E  1 M I C q O S T R 4 I N  E R R O S r  T E M P E R A -  
C T U R t  D . F V I . n T I O I \  L I c 4 . 1 T S  FOP i3'OTH E R R O R  V O L T A G S S ?  H E A T I N G  C U R R E N T  A N D  
C. 1 T c  ! , f lOKIT0"  V C L T A G E .  A N D  S T R A l N  A C C U R A C Y  F O 8  8.05 'C T E M P E R A T U R E  
C r O k T u O L  A C C u Q P C Y .  U Q I T S . ~ H E  M K S  U N L E S S  S P E C I F I E D  O T H E R W I S E .  
c 
C n F S C H I ? T l O f i :  OF D b G A M E T E M S  
C ~ I ~ C P T ~ I  = r:!l.;iijEQ OF O ~ T A  SETS.  
C  4 X .  = Sa"O1.F W E S T S T A M C E .  
C 2 S  = c T a N D & 1 4 0  2 F S I S T A % C E .  
C Cl.Jot4 = C H i 4 I C  P E A T I N 1 3  C I J R Q E N l .  
C \ ICl!b?ii = Cl.!ot?Fi\T M O N I  T O P  V O L T A G E .  
c ~ E T  P O I ~ T  V A L L E  n~ w x  = A R  * H S  * CP. 
C: A I F 2  V C i l 4 d  = C U d U  * US. 
C: D E S I S T  = S P N P L E  R c S I S T I V I T Y  I N  MICQOO!iMS-CM. 
(7 VESHOq = 5 D I D E E  E H 4 0 H  VOLTA! . iE  M O N I T O R .  
C  I 2  = S C A L E  F 4 C T 0 4  O Y  V E H R O e .  
C \ ! i i X  = ~ 1 8  :)F.VIdTT!)fu M f i l d I T O k  V O L T 4 G E .  
r n T : ) n x  = TL!SPEI;J I IRE I I E V I A T I O I J  F 4 O w  S E T P O I N T  N I T H  1 0  V O L T  E R R O R  
C S I B h ; n C  ( V E a Q O k  O R  V q X )  D I V J O E D  3 Y  T H E  T E M P E R A T U R E  D E R I V A T I V E  ' 
C. O F  T H F  E 2 d O i 4  5 T q h l A L  A T  T F V P E R A T I I R E  S E T  P O I N T .  
c T - T C K V  = S ~ V P L F  T -~ ICKNESS IN MILS. 
C T H I C K  I S  T H I C K M  Q O U N D e D  O F F  T O  O N E . F I G ! T .  
C  R E A v D  = ? E A M  FCWEe A k S n H h E D  BY SAMPLE-. 
C O X  / 4 x 0  = SUN n~ P Y X ( J )  * T S W P  ** ( I  - 1 ) .  
C  - 1 = T + E  C G D E i i  O F  T d E  P O L Y N O * I A L  E Q U A T I O N  OF HX. 
C L E N G T H  O F  5 ! l M D L F  / L E N G T H  A T  4 T,EMP O F  0  = SUid  O F  A P ( I )  * T E M P  P* 
C (I - 1 ) .  
(3 "T  - 1 = T d ?  Cq'lF:? O F  T Y E  P O L Y N O M I A L  F O l J A T I O N  O F  S A Y P L E  L E N G T H .  
C: PO*EC'( b + S t S s ~ E T :  u y  ?-MIL S A M P L E  A S  A FU~ICTION OF T E M P E R A T U R E  'IS 
r '=-TVf .W -'Y T Y E  5b'J OF f l P  ( I )  * T E M P  ** ( I  - 1 ) .  
C M P  - 1 = T d t  C P f i F Y  O F  T H E  P O L Y N O M I A L  E O U I T I O N  UP POWEI?. . 
c P ~ ~ M A X  IS FMPLCYELI T O  S E T  OHMIC PO WE^^ T O  A CONSTANT F O R  TSMPERA- 
C T U Q E S  L E S S  T H A N  T  4 4 X .  I F  P W R H A X  I S  G Q E A T E R  T H A N  0.0 A N D  T E M P  I S  ' 

C L F S S  T F b K  TTr(AX* O H U I C  P'.)WEY = PWHMAX.  O T Y E S W I S E *  O H M I C  POlJER I S  
C S E T  9~ AD. 

C 
C  clbEf iGE 
C  O h  T H F  F I d S T  C P T A  C A Y O  T Y P E  A H *  A I E R *  A 2 9  A N D  fi M E G I N N I N G  O N  
C C O L I J M S b  1. 219 *I* S b l r  H E S P E C T I V E L Y .  O N  T H C  S E C O N D  C A R D  T Y P E  - 

r Q S f 1 ) .  4 5 ( 7 ) 9  & QS(3) B E G I N N I l U G  I N  C O L U M N S  l r  219 4 419 
rP p C f p E C T I V E L I .  13 C O L U g N S  ARE A L L O d E D  F39 E A C H  O F  T H E  P R O V E  ' 

C C O k S T A h T S .  Oh T H E  T H I R D  CAWD T Y P E  M P  I N  T H E  F I R S T  TWO C O L U M N S .  
C  01% TYF: F O U R T H  C h R D  T Y P F  P . P ( I )  B E G . I N Y I N G  I N  C O L I J Y N S  l r  219 419 E T C .  
C 1 3  C O L U v N S  4 H E  A L L O d E U  F09 E A C H  C O E F F I C I E N T .  O N  T H E  N E X T  C A R D  
c T Y P E  P W H U A K  A ~ D  T M ~ X  ~~EGINWING IN COLUMNS 1 AND 21 SESPECTIVLY~ , '  

C A L L O W I N G  13 C C L U M q S  F O R  E A C H .  T H E N  O N  T H E  T H E  F O L L O W I N G  C A R D  
c TYPE THE N U Y ~ E R  OF D A T A  SETS IN THE FIRST T,WO COLUMNS. FOR THE 
C F I Q S T  Q P T A  SET TYPE T h E  N A M E  O F  T H E  t i E T 4 L  I N  C O & U M N S  1 T H R O U G H  209 



C THE H E S I S T I V I T Y  OF THE METAL I N  THE NE.XT 2 0  COLUMNsr AND MR AND M T  
C ALLOWING 2 COLUMNS EACH* ON THE NEXT CARD TYPE A H X ( 1 )  I N  A  MANNER 
C  S I V I L A R  TO A P ( 1 ) .  THCN ON THE NEXT CARD TYPE A T ( 1 )  I N  A  L I K E  
c MAKNER. 'ON T H E  FOLLOWING C A ~ D  T Y P E  TEMP(I) IN A S I M I L A R  MANNER. 
C: TN COLUMNS 1 THPOUGH. 1 3  AN0 2 1  TrlROUGH 3 3  TYPE TnE TkO SAMPLE 
(1 TWICYNESS L I M I T 5 .  LEAVE TYE CARD SLANY I F  3  AN0 5 M I L  SAMPLE 
C  THICKNESS L I M I T S  AQE DESIRED. I F  THE DARAMETEqS FOY A  S I N G L E  
C  THICKNFSS b 3 E  ' O F S I R E D ~  TYPE 4  VALGE ONLY FOR THE F l R S T  THICKNESS 
C L I P I T .  I F  M O G E ' T H ~ N  ONE :DATA SET I S  TO RE H A Y O L i D r  B E G I N  
C: WITH TUE .NbME OF THE N E X T  METAL*  ETC. O Y  THE NEXT C4HD. ' 

c 
C REYAsKS 
C: MAXIMU* TEVPEC;ATURE D~VIA'TIUN (PLUS OR M I N U S )  4RE AASED ON 
C : ERROR VOLTAGE S E N S I T J J I T Y  A T  SFT PCTNT TFMPER4uUSE. THAT I S  THE 
C: ' T ~ E  ERQOR 'VOLTbGF S E N S I T I V I T Y  I S  ASSUMFD CONST9NT A T  A G I V E N  
r: SET P O I h T  TEMPEQATUQCI' SOYE E U H O R  w l r i i  Y E ~ U L  I V l l t  10 I'HF NnNLJh!EnR 
L' 4 t L A T T O k  OF R E S X s t 4 N C E  WITH TEMPERATURE CAUSING VEQROR S E N S I T I V I T Y  
C  TO PE TEMpE4ATURE OEPENDEdT. 
c 
~ B ~ B ~ B B B I B ~ Q ~ ~ 0 0 V ~ 9 Q Q O 9 O O 9 O O 9 O 9 9 U O B ~ O * * O Q ~ ~ ~ ~ ~ ~ ~ 9 ~ ~ O * ~ ~ * * ~ * ~ ~ ~ ~ Q ~ ~ ~ ~ ~ ~ ~ *  

c 
DOUeLE PRECIS IOh l  4 R X ( Z U ) r  H S ( 3 ) r  M E T A L ( 5 ) r  ~ T ( 2 0 ) r  A P ( 2 0 ) r  

1  R X ( h r  2 1 9  H A T C l h r h ) ,  L j X P ~ r J 0 ( 6 ) r '  V C U . H P ( h r 4 ) r  J E Q H O R ( b r  4 9  2 ) r  
2 C P ( 6 r  % ) r  T E b ' P ( 6 ) e  R L D i ( 2 ) r  C U Q H ( 6 e ' 4 ) ,  D T M 4 X ( b * 6 ) *  T S T R A N ( 6 ) r  
3 R S T g A K ( h r ? ) r  V Q X ( h r 2 r  2 1 9  D T ( Z ) r  T H I C Y Y ( 2 ) r  AR. A IER ' r  1\29 K r  
4 D S Q R T .  DPQSI  P n L f .  D ~ V P L Y ,  P W R M A X .  . T M A ~  

O IPENSIOQ T H I C K ( ? )  
COWYON TEYP . . 

I Y T E f j F s  THTCK 
LOGICAL '  NFGPwR 
READ 1 ' 700 r  ARr 4 I E q r  A?, K r  ( H S ( 1 ) .  I = l e 3 )  
D T ( 1 )  = 0 . 9 5  
READ 1 0 1 0 1  14p 

00 1 0  1 = l r  20 
i n  ~ P ( I )  = 0 . 0  

R E A D  1 0 0 0 .  ( 4 D ( I ) r  I' = l r  MP) 
QEAD 1 0 0 0 ,  PWfiHbXr TMAX . 
nEAi1 I O l U c  !JUCATA 
DO 280  hU'dYUN = 1. YOUPTA 
9Ef iD  f 0 2 0 r  VETAL. Q E S I S T *  MHr MT 
Or) 2 0  1 = l r  2 0  
A t ? X ( J )  = 0.0 

2 0  A T ~ I )  = o.n 
REQD 1 0 0 0 1  ( . A G X ( I ' ) r  I = l r  M R )  

QE41 , , 1000 r  ' ( P T ( I )  r J ' =  1. Y T )  
' R E A D  1 U 0 0 r  ( T E M P ( I ) r  I = l r  6 )  

QEPD 1 0 0 0 1  l H I C Y N  
Y z MR 
I F  ( M  .LT. MP) Y  = YP 
i F  ( M  .LT. M T )  Y = M T  

" P R I N T  1 0 7 0  r WE'TAL 
P R I N T  1,030"r ARI 9 1 E R r  A29 K r  ( H S ( I ) r  I = 1 ' 9 .  3 )  
P R I N T  1 0 8 0 ,  R E S I S T  ' 

' ?R.INT 1 0 6 5 .  P k R Y b X r  TMAX I .  

P d I h T  1 0 6 0  
00 3 0  I = l r  2 

3 0  THICK(I) = ( 2  * T ~ I C Y N ( I )  + l j  / 2.0 . . 
I F  ( T H I C K ( 2 )  .Foe. U)' I T Y I K M  =.' 1 
1 F  ( T H I C K ( 1 )  .F?. 0 )  GO TO 40'  
MI' TO E O  

- 

40 I T r I K u  = 2 



T r i I C i c ( 1 )  = 3 
T 9 T C K h j ( 1 )  = 5.0 
T Y I C k ( ? )  = 3 
T ~ T C K N ! ( ~ )  = 3 . 0  

5 0 O?I!\;T 1 0 4 0 .  T i - I rK . ; i  
P ~ I S I T  1050, ( I c  4 R * ( 1 ) *  b T ( I ) c  A ? ( I ) r  I = 1, * )  

no Z ~ P  I ~ T I ;  = 1. 3 . . 
1?1) 1 1 0  I T f . * ; P  = 1. h 

C C A L C U L P T E S  TWEHiYPI- F K o b N S I O N  C O E F F T C I E Y T  I N  P P M  / C. 
D ' K P A N ? ( I T t 3 P )  = l . O E h  * O d V P L Y ( 4 T 9  Y T r  1 T E t . I P )  
n T ( 2 )  = 1.0. / r l ' X P n Y i l ( 1 T E Y ~ )  
D X F P k D ( 1 T t i " P )  = O X P 4 N D ( I T E M P )  * O T ( 1 )  
T S T 4 A h  ( I T E - A P )  = D T  ( 2 )  

C  q f i M D L F  T h I C 6 N t ' S S  I S  S 4 N D  3 . 4 I L S  .rJr(tEV I T H I C K  I S  1 6 2 . R E S P E C T I V L Y .  
03 1 1 0  I l ' h I C K  = l r  I T H I K M  

C C a L C U L A T T O W  OF d E b *  POdE4 AYS0HHE.D 8 Y  S A M P L E  
C  ? E 4 M 6 3  = 3 t A s q  P O w E Q  d d S O i + B E D  9 Y  3 - M I L  S A M P L E .  

? E A G P ?  = 2 . 7 3  
9 c b ~ P  = + t : R r l P ?  .* T + ~ I C K N ( I T H - ( I C K )  / 3 . 0  
h i E G P w R  = . F a . L S F .  ... . . _ . 

C  C ~ L C U L Q T I C ~  (:IF S b N p L E  Y E S I 5 T 4 N C E  b Y O  CP.  
a L C % ( T T d I C K )  = 7.0 * H E S I S T  * 1 . O E - h /  ( 0 . 2  * 2.54 * 1.OE-3  * 

1  T ~ I C Y ~ ( I T H I C K ) )  
R . < ( I T F u o r  T T H I C Y )  = P d L Y ( 4 R X r  t q t ? ,  I T E Y P )  * H L O d ( 1 T H I C K )  
r + ( I T F ' Q r  l T H I C w )  = & A t I T E W P r  I T H I C K )  / ( A H  * K S ( I S T D I )  

C C a L C I J L n T 1  O h  OF k F c 1 S T A r u C E  T E . * r t d 4 T 1 1 R t  C O E F F I C I E N T .  
Q X T C ( T 1 t Y Q e  I T W I C K )  = l Q d V P L Y ( I R X r M f i *  I T E M P I  * g L D W ( I T ! - t I C K )  
Q S T n 4 h  ( I T E M P I  1 T : i I C K )  = A X T C ( I T E M P 9  I T Y I C Y )  * i l T ( 2 )  

C I F  P1( I 5  ~ L ' T  OF Gnh8!;r l  F O 4  ' L i I d I i t ~  t4S. P W O G R A . ~ ~  S E T S  C O N T G O L  P A R 4 r U I E T E R S  
r ri) 7 ~ ; . 7 .  

I F  ( A d ( I T F ! . ' P *  I T H I C % )  .GT. 0.1" R S ( 1 S T O )  SAND. H X ( I T E M P 9  I T H I C K )  
1 e C T .  1 . 2 1 3  * Q q ( I T T 9 ) )  GO T O  7 0  

C r ( I T E V Y *  T T H I r w )  = 0 .0  
C U ~ ~ ( T T E M P .  I T W I C K )  = n.o 
V C b R Q ( T T E M Q 9  I T H I C K )  = 0.0 
! S T N ~ X ( I T E M P *  I T H I C K )  = u.0 
n T # A X ( I T E i A o r  I T H I C K  + 4-1 = 0 .0  
V E Q R D Y ( I T E " P 9  I T H I C K r  1 )  = 0.0 
V t G i ? O a ( I T E M D .  I T H I C K *  2 )  = 0.0 
V S x ( I T F M p 9  I T h I r K r  1 )  = 0 .0  
V H X ( T T E w P v  I T F I r K t  2 )  = 0.0 

6 0  C U G n ( J T E ( 4 P 9  I T H I C K  + 2 )  = 0 .0  
V C ~ ~ ~ ( I T E M P I  I T H I C q  + 2 )  = 0.0 
O T M P X ( 1 T E M P r  I T H I C K  + 2 )  = 0 .0  
V E R 4 0 R ( I T E M Q r  I T H I C K  + 2 9  1%) = 0 .0  
V E P R O R ( I T E f 4 p r  I T Y I C K  + L c  2) = 0.0 
GO T O  1 1 0  

C  C l J R R ( I T E M p r  I ) :  kHEhJ I I S  3 b 4 9  C U H I ~  I S  L I K E  CclHt? W 1 T H . I  = 1 6  2 
C H E S P E C T I V E L Y ~  d U T  W I T H  HEAM ON. 

7 0  C l J Q t i ( I T E r d P ,  I I M I C O  = P U L V ( 4 P g  YPc I T E M P I  / R X ( 1 T E g P r  ITHICK) 
I F  ( T F M P ( 1 T E M P )  . L T .  T M A X  - 4 N D .  P W H Y A X  o 6 T .  0 . 0 )  C U R R ( I T E M P 9  I T Y I C  

' 1 K )  P w f i M A X  / R X ( I T E M P 9  I T H I C K )  
C U Q 2 ( I T E M P c  I T H I C K  + 2 )  = C U R R ( I T E M P *  I T H I C K )  - B E A M P /  R X ( I T E M P 9  

\ 1 I T H I C K )  
C U R k ( I T E M P * I T P I C K )  = USQRT(CURU(ITEMPrITH1CK)) 

C I F  T E M P  I S  k 0 T  A T T A I N A d L E  Y I T H  B E A M  O k  U E C A U S E  T H E  R E Q U I R E 0  O H M I C  
C H E A T I h b  PCUEQ I S  h F G A T I V E t  P 4 O G R A M  S E T  T H E  C O R R E S P O N O I N G  P A R A M E T E R S  
$ T O  ZEWO. 

T F  ( C U H $ ( I T E M F *  I T H I C K  + 2) OLE.  0 . 0 )  G O  T O  8 0  
C U R Y ( I T E M P r 1 T F I C K  + 2 )  = 3 S Q H T ( C U R R ( I T E M P .  ITHICK + 2)) 
GO T O  S O  



C U Q 9 ( 1 l E q P -  I T H I C Y  + 2 )  = 1.0 
YEBPNG = .TRUE. 

9 0  V C U 4 R ( T T E M P r  I T H J C Y ) =  t ? S ( I S T D )  Q C U R H ( I T F Y P r  I T H I C K )  / P I E R  
VCUHR(1TEMPr  I T H I C K  + 2) = R S ( 1 S T D )  Q CURR(1TEWPr I T H I C K  + 2 )  / 

1 4 I E H  
no l o o  1 2  = 1, ? 

C V E t ? R O R ( I T F M P *  I r  7 3 ) :  '#HEN I = 3 6 4rVERROR I S  L l K E  THE CASE WHERE 
(3 I = 1 6 2 .  3 U T  sJITH HEAM Oiu. vJriEFl I 2  = 1. DT = 0 .05Cr  BUT H I T H  
C  I 2  = 2 1  OT I S  THbT WdICH HESULTS I N  1 M I C R O S T R A I h  ERROR. 

V F g R O t ? ( I T E w P r  I T H I C r r  1 2 )  = R A T C ( 1 T E Y P q  I T H I C K )  * O T ( 1 2 )  * C U H H ( 1 T  
l F t 4 P 1  I T n I C S )  / ( ( 1 . 0  + AR * C P ( I T E P P r  I T H I C K ) )  * A 2 )  . 

V E R R 3 R ( I T E ! J P r  I T Y I C K  + 2.. 1 2 )  = R X T C ( I T E M P 9  I T H I C K )  * D T ( I 2 )  * CUR 
l Q ( 1 T E M P r  I T H I C K  + ? )  / ( ( 1 . 0  + AH * C P ( I T E M P 1  I T H I C K ) )  * A 2 )  

1 0 0  V R X ( I T F V P *  I T b I S K  r 12) = VEHROR( ITEMP*  I T H I C K *  1 2 )  / 
1 ( V C i J G d ( T T F M P r  T T k l I C K )  * K )  

C DTYA? 15 T r F  i M . A X I M l . l r r l  F E V J A T I O N  OF TEhtPCRATU7cr  . T . I I S  OeCiiRS WHEN T H t  
C VOLTAGE I S  PLIJS C H  W I h d S  TEN VOLTS. 

DTIJAX(1 'TEYPr  I T M I C < )  = DARS(O.500  / V~HQUR(ITEMPIITHIC~~ 1 ) )  
D T W 4 X ( I T E : * P e  I T u I C Y  + 2 )  = 044S(U.SUO / VE2ROk(ITEMPrITHICK+2rl)) 
O T N A X ( 1 T E b i P r  I T d I C K  + 4 )  = D A d S ( O . 5 0 0  / v R X ( I T E M ? *  I T H I C K ,  1 ) )  
I F  ( N F E P ~ H )  GC T O  6 0  

1 1 0  CORTIWCE 
P a I N T  1 4 3 0 r  METALI H S ( 1 S T u )  
PRIWT 1.310 
P!?Ik'T 1 1 0 U e  T E # P  
P R I N T  1 3 1 0  
9 0  1 1 5  I = l r  I T H I K Y  
D H I N T  1 1 1 0 .  T t - I C i ? ( I )  

1 1 5  P H I V T  1 1 2 b *  ( G X ( 1 S T E P r  I )  r  I S T E P  = l r  5 )  
PRI;\JT 1 3 1 0  ' 

1 2 0  I = l r  I T H I K M  
p t 4 I b J r  1 1 3 0  * T W l C K ( 1 )  

1 2 0  P R I Q T  1 1 2 0 -  ( C P ( 1 S T E P r I ) r  I S T E P  = l r  6 )  
P H I N T  1 3 1 0  
no 1 3 0  I - 1 9  ITHIKY 
P ~ I ~ I T  1 1 J t O u  T P I C K ( 1 )  

1 3 0  P!? IKT 1 1 2 0 9  ( d X T C ( 1 S T l i P r  1 ) .  TSTEP = 1, 6 )  
P d I q T  1 3 1 0  
n 0  1 4 0  I = l r  ITHIK+l 
P Q I N T  1 2 4 0 .  T F I C Y ( 1 )  

1 4 0  P R I Y T  1 1 2 9 1  ( f i S T R 4 N ( l S T F P a  ! l r  I S T E D  - 1, 6 )  
P R I N T  1 3 1 0  
oRI !JT 1 2 3 0 .  
D e I N T  1 1 2 0 9  T S T q A Y  
P4TNT 1 3 1 0  
Pt3TNT 1 2 5 0  
P A I N T  1 1 2 0 1  DXPANU 
P9IN.T  1 3 1 0  
?n i 5 n  I A 1, ITHIKY 

P H I 4 T  1 1 5 0  r T d I C K ( 1 )  
1 5 0  P d I h T  1 1 2 3 -  ( V E R P 0 ! ? ( I S T E P r  I* 1). XSTE? = l r  6 )  

q+-tIrcT 1 3 l ' i I  
00 1.50 1 = 1. I T n I < 4 4  
P e I t d T  1 2 7 0 -  T ! - ICY (I) 

1*!7 pq!KT I l d U *  ( V E a 9 3 g ( I S T E P r  I + 2 9  1 ) r  I S T E P  = l r  6 )  
P e T ' 9 1  1 3 1 0  
'3O 1 7 0  I = 1 '  T T H I K ? . ~  
D!41UT l l 5 O e  T b I r K ( 1 )  

17.1 DRTVT l l ? l l r  ( v ? Q R : : l + ( I S T E P r  I .  2 )  r  I S T F P  = 1. b )  
0 Y 1  o'.' T  1 j 1 ij 



010 1 4 0  I = l r  I T H l Y M  
o + l & T  l?'-J!l. T F I C K ( I )  

1 1 0  P Q I h T  l l ? O *  ( V F Q Q O ~ ( I S T E P I  I + 2 9 ' 2 1 9  I S T E P  = l r  15) 
or([!.:T 1 3 1 0  
0:) 1 Q n  [ = l r  I T H I K M  
D W I l j T  1 Z b i ) .  T P I C I < ( I )  

13r, Pd I t . :T  1 1 2 3 r  ( V F X ( I S T E P ~  I *  l ) r  I S T E P  = l r  6 )  
Pli  1 : v T  1 3  1  lJ 

q ! ~  ,?On I = l r  ITeI I<: . l  
o % I X T  12dU. T P I C K  ( 1  ) '  

?n ! )  D y 1 ~ i T  1 1 2 0 .  ( v " X ( I S T F r .  1 9  2 ) -  I S T E P  = 1 9  5 )  
D.2ThiT 1.?10 
130 % I ?  I = 1 0  T T 9 I e "  
? i I f i<T  1 1 7 0 .  T - I r K ( 1 )  

%l!i Pdli\ iT 1 1 2 0 .  ( C U U P ( 1 S T t V r  0 .  1STEP = 1. 5 )  
" + J . i T  1.310 
n o  220  I = I. TTL,I<Y 
D q I ' d T  l I + ' J *  T P l C < ( I )  

2 7 0  P y I ; ! T  112t19 ( C t . ! c R ( T S T t g .  I + 2 )  r ISTEP = 1, 6 )  
P T r.' T 1 3 1 1:l 
nt) 2 . 3 ~  I = 1. T T H I Y ~ ~  

o 9 r * . r  1 1 . 3 ~ .  T ~ I ~ K  ( I )  
?;i;j P R T * < T  1121J. ( V C I l U 4 ( I S T < P r  I) 9 I S T E P  = l r  6 )  

VhT%T 1 j l O  
n1.1 2 4 0  I = l r  1Th IK ;d  
DHI rJT  1 2 0 0 .  Tb.I ' l r< ( 1  

240 P9IP.JT 112G.  ( V C I J R H ( I S T E P *  I '+ 2 1 9  ISTEP' = 1 -  6 )  
p 9 J V T  1 3 1 0  
Qi:) 250  I = 1. T T H I Y M .  
PdIpJT 1 2 1 0 -  T t I C K ( 1 )  

7 5 0  P H I b T  1 1 2 3 .  ( C T M ~ X ( I S T E P I  I), I S T E F  = l r  6 )  . , 

PF?It.;T 1311, 
30 d 6 0  1  = 1, I T Y I K M  
D d I \ T  1 2 2 3 .  T I - I C K ( 1 )  

2 r i1  P Q I K T  11ZC)r  ' ( c T ~ ~ T ( I s T F ! ' .  I + 2 1 9  I S T E D '  = l r  6 )  
Dn1:;T 1 3 1 9  
nu 2 7 n  I = 1, TTHI<M 

o * T V T  1.109. T h I C K ( T )  
271'1 P t ? l h T  1 1 2 U r  (CTYAX(1STF.P.  I + 4 1 9  I S T E P  = l r  6 )  
2 3 0  C O k T [ k b F  

1 Ouu FOafdnT ( 4  ( F 1 3 . 1 1 ,  7 x 1  ) 
1 0 1 0  F0QV4T (11) 
10?1! F O F ! - I ~ T  ( 5 A 4 r  F13.1.13 7 x 9  2 1 2 )  
10.30 FONM4T ( 1 Y O r  ZOXr  1 AR = ' . lPD13.6* 1 0 H  4 I E R  = r 1PD13.br  

1 l o t i  A2 = . 1 P D l 3 . h  r 1 0 H  K  = r l P D 1 3 . 6 r / / * 2 3 X i 1 4 H X l  H 
2 5  ( 9 H u S )  = r 1PD13.6 r  1 7 n  X2  RS (OHYS)  = r 1 P 0 1 3 . 6 0  1 7 H  X 4  R  
3'5 (OH'J'S) = r . lP r )13 .6 )  

1 0 k 0  FORMAT ( 1 H O r  4 5 x 1  ( l P S D 2 0 . 6 r  1 ) )  
1 0 5 0  FORMAT ( 1 H O r  / r  3 0 x 9  7 0 3 1  A3X ( I) AT 

1 ( I )  4 P ( I )  r  / / r  ( 2 9 x 9  I 2 1  l O X r l P 3 0 2 0 . 6 r / / ) )  
1 0 6 0  FORMAT ( 1 H O r  / r  5 5 x 9  'SAMPLE THICKNESS L I M I T S  ( M I L S ) ' )  
1 0 6 5  F O Q M A T . t l H O *  G 3 X p  *PWHMAX - ' i  1 P D 1 3 r h r  7 X r  'TMAX = ' r  1 P 0 1 3 . 6 )  
1 0 7 0  FORVAT ( 1 4 1 9  1 5 x 1  ' I N P U T  DATA U T I L I Z E D  TO CALCULPTE I R R A D I A T I O N  TE 

l V P E # A T U S E  CONTRnL PPRAMETER L I Y I T S  FOR ' r  5 A 4 )  
10-HO FORMAT ( 1 H O r  4 3 x 9  'SAMPLE R E S I S T I V I T Y  (MICROOHM-CM) = ' r  1PE13.6 )  
1 0 9 0  FORPd4T ( l H l r  5 ( / ) r  1 0 % .  ' I R R A U l d T I O N  CREEP TEMPERATURE CONTQOL SYS 

l T E w  PAdAVETER L T Y I T S  FOR ' r  5 A 4 r  ' WITH RS = ' 0  1 P D 1 3 0 6 r  ' OHMS'r 
? / I  

1 1 9 0  FOQ'JkT ( 1 4  . ' P d R L M E T E Q S ' r  1 8 X 9  ' 1 ' 7  4 5 x 9  *TEYPFRA?URE ( C ) ' r  / r  

1 2 9 % ~  *Ic* / r  ? S X *  ' I ' r  1 x 1  6 ( F 1 0 0 3 .  7 x 1 .  / r  2 3 x 9  ' I ' r  / r  1 x 1  2 H O  
I-')* ' 1 ' -  1 0 3 ( ' - 1 ) )  



1 1 1 O  F O k M A T  ( * F i x  ( O Y Y S )  F O 3  ' 9  1 1 9  1 - Y I L  S ' A M P L i  1 ' )  
1 1 2 0  F O R M A T  ( I n * *  E d X r  1 D h ~ l 7 . 6 ,  / r  29x9 *I*) 

' I t) 1 1 3 0  F O G M A T  ( 1' Ct-' F O R  1 .  I 1  r .' M I L  S A M P L E  ' 

1 1 4 0  F O G M A T  ( 1 4 E S I S T I V E  T E M P  C O E F F I C I E N T  I t *  / r  ' F O R  ' r  I l r  ' - M I L  S  
1 4 r 4 P L E  ( O H M S  / C )  I 0  

1 1 5 ( )  F O G V 4 T  ( 1 V E G R n Q  O U E  T O  T  C t i 4 N F E  C F  I ' r  / r  ' O . 0 5 C  F O R  ' r  111 ' 
1 - Y I L  S P H P L E  I f* /. 1 N 1 T n O : I J T  % F A M  ( V O L T S )  I I 1 

l l b n  F O G V A T  ( I V E R M O H  DUE T O  TEMP. C H ~ N G E  11, /. 1 EQUIV. T O  1 
1 - b + I C R O S T R n I N  F O R  I ' r  / r  1 x 1  11, I -WIL S A M P L E  d I T H O U T  9 E A Y ( V ) I l )  

1 1 7 0  F O E M A T  ( 1 C U G R F N T  N I T Y  k O  Y E A Y  F O e  A  I t r  / r  1 X r  I l r  ' - M I L  S A M P L  
1 F: ( A M P S )  1 ' )  

l l 4 h  F O R M A T  ( 1 C U G 7 F N T  4 I T V  1'5 Y I C W O A M P  1 ' 9  / r  ' M € A V  F O R  ' 9  1 1 9  1 -  

1 w I L  5 . f i * C L f  ( A M P S )  I 0  
1 1 4 f i  FOGY.nT  ( 1 VCIJ!'I? W I T H  i\O 3 t A M  F O R  A  1 ' 9  / r  1 x 1  I l r  ' - M I L  S A M P L  

1 F ( V W L T S )  1 ' )  
1 2 O t )  F O R M A T  ( 1 V C L Q R  W t T H  15 M I C R O A % P  H E A M  1'. / *  ' F O R  A * r  I l r  ' - M I L  

1 S n v P L E  ( V O L T S )  1 1 )  

l Z l O  F U G Y f i T  ( M A d .  T E u P  O E V I A T I O ! d  F R O M  I ' r  / r  J E H Q O R  W I T H  ' r  I l r  

1 t - V I L  S4;APLE 1 ' .  / r  ' d I T H O U T  b t P q  ( C )  1' 1 
172u F O G Y P T  ( M 4 X .  T E M P  0 E V . I A T I O N  F R O V  I ' r  / r  ' V E Y R O R  W I T H  ' r  I l r  

1 ' - " I L  S A v P L t -  1'. / r  ' A N D  IS f i I C H O A Y P  H E A M  ( C )  1 0  
1 2 3 9  F O G M 4 T  ( ' T F Y P  C O N T R O L  N E E D E D  F O R  ' I ' r  / r ' l M I C d O S T R 4 1  

1N A C C U Q A C Y  ( C )  1 ' )  
1 2 4 3  F O G Y A T  ( 1 R h  C O N T R O L  Y E F D E O  F O R  I ' r  / r  ' 1 M I C U O S T R A I V  A C C U R  

~ A C Y  F O ~  I * *  /. 1 x 1  1 1 ~  *-MIL SAFPLE ( O H M S )  1 8 )  

12'50 F O R Y A T  ( 1  S T R A I N  A C C U H A C Y  F 3 H  0 . 0 5  C  1'. / r  ' C O N T R O L  4 5 . C U R A C Y  ( U  
1 S T G s I N )  1 ' )  

1 2 6 0  F O Q V 4 T  ( V e X  n U E  T O  TEM?. C H A N G E  O F  I l r  / r  .OS C  F O R  ' r  I l r  

1 - w ~ ~  S n m P L E  ( v )  1 1 )  

1 7 7 0  F O G M A T  ( ' V E Q a n H  O U E  T O  T  C H A N G E  O F  I ' r  / r  ' O a O 5 C  F O R  ' r  1 1 9  ' 
1-YT ' I  S A M P I  F d T T Y  ' T I *  /. 15 M T C R O A M P  S F A M  ( V ~ I , T S )  11)  

1 2 9 0  F O R M A T  ( V R X  n U E  T O  T f Y P .  C H A N G E  I ' r  / r  ' E O U I V .  T O  1 - M I C R O S  
l T H A I N  F O H  I ' r  /. 1 x 9  I l r  ' - M I L  S A M P L E  ' ( V )  11)  

1 2 9 0  F O G M A T  ( V E E R O R  DUE T O  TEMP. C H A k G E  I ' r  / *  ' E O U I V .  T O  1 - M I C R O S  
l T R 4 I N  F O R  1 ' 9  /. 1 x 7  11, ' - M I L  S A M P L E  9 1 5 U 4  HLAM ( V ) I * )  ' 

1 3 9 0  F O R M A T  ( 1 MAX.  T E M P  L I E V I A T I O N  F R O M  I ' r  / 9  ' V R X  F O Y  t r  1 ' 1 9  1 - M  
1 I L  S A V ~ L E  ( C )  I 0  

1 3 1 0  F O R M A T ( 1 H  * 2e('-')r 'I,'* 1 0 3 ( ' - ' 1 .  / r  2 9 x 1  ' 1 ' )  
S T O P  
E N D  

F U N C T I O N  P O L Y ( A r  Y e  I) 
O O U S L E  P H E C I S I O N  A ( 2 O ) .  T E M P ( 6 ) r  P O L Y  
COMMON T E M P  . 
P O L Y  = A ( M . 1  
M L S ~  = r - 1 ' 

D O  1 0  IPOLY = 1. M L S 1  
1 0  D U L Y  = Q O L Y  .* TFMP(I) + A ( Y  - ~ P ~ L Y )  

R E T I J I I Y  
FNC 
FUNTION D P V P L Y ( A ,  YI I) 

O O U H L E  P R E C I S I O N  A  ( 2 0 )  r TEMP ( 6 )  r DRVPLY 
C 3 V M O N  T E M P  
DRVPLY = ~ ( i o  *,. FLOAT(M-1) '  
l k ,  ( M  .L t .  2 1 . 6 0  :CO LU 
M L S 2  = M - 2 
QO, 1 0  I U E d I V  = I* M L S Z  

1 0  CI4VPL.Y = i )F?VPLY * T E M P ( 1 )  + B ( M  - ' I D E R I V )  * F L I ) ~ T ( M  - 1- I D E R I V )  
20 C O R T I Y U E  

R E T U R k  , . . 

FhlC 



TYPIJT D A T P  9 I T I L I Z D  TQ CALCULATE IRRADIAT ION TEMPER4TURE CONTROL PARAMETER LIMITS FOR 3 1 6  STAINLESS STEEL 

X 1  RS . (OHtA,) . = 4 . 0 0 0 0 0 0 0 - 0 2  ' X2 RS (OHMS) = 8.00 '00000-02  X'4 PS (OHMS) = 1 . 6 0 0 0 0 0 0 - 0 1  

SAHPLE R E S I S T I V I T Y  (MICHOOHM-CI*o '= 7.40000'OE 0 1  

PYRMAX = 1 . 0 0 0 0 0 0 0 - 0 2  TMIX = 5 ~ 0 0 0 0 0 0 0  0 1  

, . 
SAMPLF: THICKIJESS ' L I M I T S  ( M I L S )  

3 . 0 0 0 0 0 0 0  0 0  0 .0  



TABLE 4 

I u o a n l a i ~ o v  CI~ELU i i - ) r = < h l ~ u ~  C?INTCUL SISTEV PA*AMETEY ~ l r ( 1 T S  FnY 316 STAINLESS STEEL r l T n  US = R.000000n-02 OHMS 

I 
PAUAUCTEI~S I TE*PEv?~TuRE I C I  

I 
m e t l r r l u <  T F Y ~  C~.)CCCIC!FIT I 
FOR 3-MIL SaMDLE lU4HS I C l  I Y.V0OIUUn-0. ~ e h h b h 9 0 0 - 0 5  *.5840bb'I-05 7.2blb320-05 5.5119190-05 3.1561010-05 

. I 

TEMP CONTROL NFFlED Fn* I 
1WrCROSTVAINsCCuUdiCV I C l  I h.4711501,-nl e.lbb135n-O? ~ . a b 5 3 l l O - O L  5.3163590-02 b.lb39110-02 6.2828560-02 

I 
___________________---------l-----------------------------------------------------------------------------------------------------"" 

I 
SlRAIN lCCUPdCI F09 0.05 C I 
CONTROL 8CCllHbCV I U F T R A ~ Y I  I l . lO? lP?O-01 7.85~05.n-01 d.553L)bbn-01 9.6019330-01 1.0539690 00 1.1blbb50 00 

VEUROR 0UE TO T CMbNGF OF I 
0.05C FOU 3-WlL SAMPLF I 
UfTWOUTRFaM I V n L T i l  1 -7.'4uOZhlb-05 -1.SHbYl40-05 -1.2bb28ln-03 -1.Z91b180-03 -1.lbbb020-03 -8.128bO6D-Ol 

I 
VERUOR OUE TO TEMP. CW9hGE I 
CQVIV. 73  l - Y I C " o C ? o ~ I Y  =I- I 
3-VIL SAMPLF WlTWOUT u E d * l ' f l l  -1.037JZOn-04 -Y.h599r20-05 -1.45b9800-03 -1.311618D-03 -1.0858020-03 -1.1165020-01 

I 

I 
VERUOR DUE TO IFUP. CHAh4E I 
EOUIV. TO 1-YlCAflSTRAIN FOA I 
3 - L I L S b M P L E .  15UA*F4U I V l I  0.0 0.0 -a.803180r1-0~ -1.1167130-03 - v . ~ ~ h ~ B v u - o b  -b .9460 lb0-0~ 

I 
---------'-----------------.---------------------------------------------------------------------------------------------------------- 

I 
VRI DUE TO TEMP. CMANIE OF I 
.05 C FOR 3-MIL SAMPLE I V I  I -1.07525RIl-02 -Y.~b4<120-01 -b.Z418600-03 -6.5703880-03 -b.6819390-03 -3.0632010-63 

I 
VUI DUE TO TEMP. CHANGE I 
E,OuIv. TO I-MIcIIOST~LIN FOP 1 
3-MIL SAMPLE ( V l  1 -1.3310210-02 -1.2560350-02 -r.b375860-03 -6.9861080-03 -b.bb18900-03 -2.6238530-03 

I 
CUURENT UlTY NO mEbr FOa A I 

SAUPLE (AMPSI 1 3.2081410-01 ,3.1666960-01 b.2247010 00 8.0958820 00 1.0051180 0 1  1.1132550 01 
1 

1 
CURPENT #IT.( 15 MlCQ04*P I 
BEAV FOR 3-MIL 5AMPLE I l M P S I l  0.0 0.0 3.1b1210n 00 6.582082O 00 8.9961830 00 1.0900180 01 

1 

I 
YCURR l l T M  Nll RFPM FOR L I 
3-MIL SAMPLC IVOL191 I 1.193*?lt7-bL l.*9l)bLLO-UL I.5IIIOY11 uu 1.YbbdIJU UO Z.44 I Ib lO 00 2.84Y437D 00 

I 
VCUUU WlTW 15 MICROAM* @€a*  1 
FOR A 3-MIL SIMPLE IVnLTSI I 0.0 6.0 r . 1 3 b q 3 ~ - 0 1  1.5985630 00 2.1845250 00 2.6472810 00 

I 
* & I .  TEMP OCVTAJION FWU* I 
VERUOR NIT* 3-MIL SAWDLE 1 
WllMOUT REAM I C l  I b.2576130 03 b.59OZb.20 03 a.Ol1037n 02 3.81033bO 02 b.3bOO960 02 5.128b23D 02 

I 
WAX. TEMP OEVI&TTON FOOW I 
VERROR Ill* +MIL SbMmLE I 
AM0 I 5  UICROIUP PEA* I C I  I 0.0 U.0 =.b39518O b2 b.76016rO 02 4.81~23130 02 6.1bS8650 02 

I 
MAX. TEWP OEVTATION ZROV 1 
VRI FOR 3-MIL SAMPLE I C I  I 4.Y7bJIID 01 5.0bb63+@ 01 0.06>1LOn 01 1.6099000 01 1.0665610 02 1.6322780 02 

. . 



APPENDIX B 

DERIVATION OF KELVIN BRIDGE ERRORS DUE TO 

STRAY RESISTANCE AND CAPACITANCE 

The circuit used to compute bridge voltages is shown in Figure 18 

on page 73. Simplification of this circuit can be accomplished using 

equivalent Thevenin voltage sources. As shown in Figure 68(a), the 

equivalent voltage sources at nodes 1 through 4 are 

v, = v - vg/2 , cm 

- 
"2 - 'ern - Vg (1/2 - Rx/Rz) , 

and 

where RC = R + R + Rs. The Thevenen equivalent resistances are 
x Y 

and 
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(a) Equivalent circuit of bridge simplified by Thevenin sources. 

(b) Further simplification. 

Figure 68. Simplification of bridge circuit. 



A s  shown ' in Figure 68(b), the  c i r c u i t  may be s impl i f ied  fu r t he r  by 

equivalent Thevenin vol tage  sources a t  nodes 1' through 4' where the  

open-circuit Thevenin vol tages  a r e  

and 

and the  Thevenin impedances a r e  

and 

where TA, TB, Ta, and T b a r e  rA CA, 'B C ~ '  (R2 + ra)  Ca, and (Rg + rb)  Cb. 

From t h i s  equivalent  c i r c u i t ,  VR and VS a r e  shown t o  be given by the  

following expressions: 



and 

(R,, + Zj) V; + (Ra + 2;) V; - - 
Vs (Ra+ Z;+ R,, + Zj)(l + ((Ra+ z;)II(%+z;))cS ju) . 

V is given by A 

The expressions derived here may be used to compute the performance 

of both the PSD and PID. Further simplification of the above equations 

are difficult to obtain without making approximations. One useful 

approximation is that + Z i ,  RA + Z;, R,, + Zj, and Ra + Z; are % + rg, 

RA + rA, % + R 3  + r;, and Ra + R + r' respectively. Thioaooumptioncauses 
2 a' 

approximately 0.001 ppm error in the phase of V and VS at 1 KHz for the R 

component values shown in Figure 18 on page 73 while simplifying the 

gomputations significantly. 





*vv* *v* * *vv*v0* *0* *4vvvv*v* * * *v* * * * * * * * * * * * * * * * * * * * * * * * * * * *9  
0 

* c I H U L 4 T I O N  GF PRECIS ION R E C T I F I E R  HY OFLAY METHOD 
0 

* PARACETEQS 
0 FINPUT = FREQUENCY I N  HERTZ OF THE INPUT SIGNAL 
0 TTHEF = .THE PERIOD OF THE INPUT SIGNAL 
0 VTNPK = hEGATIVE PEAK INPUT VOLTAGE 
9 4OL = OPEN-LOOP OPAMP VOLTAGE G A I N  4T LOd  FREQUENCIES 
0 GBwP = THE GAIN-BANDWIDTH PRODUCT OF THE OPAMP 
0 SR = SLEb DATE OF OPAMP I N  VOLTS / MICROSEC 
0 TOL = DOPIYENT POLE TIME CONSTANT OF OPAMP 
0 PHASE = KCMINPL PHASE SHIFT OF PRECISION RECTIFIER 
0 V T t  VT2r  151 .  AND I S 2  ARE PARAMETERS USED TO MODEL 
0 THE PN JUhCTIONS OF DIODES D l  AND 02 RESPECTIVELY 
0 

VAHIASLES 
v VF = VOLTAGE AT INVERTING INPUT OF OPPMP 
9 VO = OUTPUT VOLTAGE OF OPAMP 
0 V a l  = VOLTAGE 4T NODE J H I C H  JOINS R1  AND 0 1  
9 VRZ = VOLTAGE AT NODE WHICH JOINS R 2  AND 0 2  
0 VRlRF  = VR\ REFERRED TO THE INPUT 
o VERORA = PFRCEYT ERROR OF VOA 
0 VERORT = PERCENT ERROR OF VR lRF  AS A FUNCTION OF TIME 
o VflA = AVERAGE VALUE OF VR lRF  
Q I F 1  AND I F 2  ARE THE CURRENTS THROUGH 01 AND 0 2  
0 RESPECT I VFLY 
o V I F l R F  = I F 1  REFERRED TO THE INPUT 
0 TEHORA = PFRCENT ERROR OF I O A  
0 IEPORT = .PFRCEYT ERROR OF V I F l R F  4 s  A FUNCTION OF T IME 
9 I O A  .=  AVERAGE VALUE OF V I F l R F  
48 D E L V I F  = IOA - V l F i w k  
9 VOTDEL = OUTPUT OF IDEAL  HALF-WAVE R E C T I F I E R  
0 VOIDLA = AVERAGE VALUE OF VOIDEL 
v 
~ * * ~ ~ * * * * * * * * * * * ~ * ~ Q O ~ * O O O Q O O O ~ O O O O O O * O ~ O * ~ * ~ ~ * ~ * ~ * * * ~ * * # * * ~ ~  

0 

I N I T I A L  
* INPUT PARAMETFRS 
PARAMETER F INPUT = 1.OE3r PHASE1 = 0.01 VINPK = - 0 e 1 0 E 6  
* I N I T I A L  CONDITIONS 

I O A I C  = 0.0 
* DIODE PARAYETFRS 
PARAMETER VT1  = 2h.OE31 VT2 = 2 6 0 0 E 3  
PARAMETER I S 1  = l.OE-51 I S 2  = 1.OE-5 
PARAMETER TDELPY = 0 0 1 E - 6  
* RESISTANCE P4RAYETERS 
PARAMETER R 1  = 2.OE3r R 2  = 0.0 r R3 = 2.OE3 

O P A M P  PAR4METEHS 
PARAMETER AOL = 2.0E51 GBWP = 1.OE6 
PARAMETER SRRISE = 70.OE61 SRFALL = 70.OE6 



TbOPI  = 6 .7R3195308  
OVEGPI = TWOPI * FIWPUT 
TTMEF = 1.0 / F INPUT 
TQL = AOL / (TUOPI  * FRWP) 

NOSORT 
I F  ( V F I C  .FQ. 0.0 .AND. VOIC 0.0) GO TO 1 0 1 0  
G C  TO 1 0 2 0  

* ITEWATIOR LCOP TO F I N D  I N I T I A L  CONDITIONS OF VO AND I F 2  
1 0 1 0  T F Z I C l  = -1.OE-1 

9 C  1 0 0 0  I = l r  5 0  
FCL = (ACL * R 3  / ( R 3  + R2 - VT2 / I F 2 I C 1 )  + 1 - 0 1  / m e .  

(TOL * TWODI) 
PWASE = bTAW(-FINPUT / F C L )  + PHASE1 
I F 2 I C  = -STN(Pi IASE)  * VINPK / R3 . 
CRVRG = P A S ( I F 2 I C  / I F 2 1 C 1  - 1.0) . , 

TF (CNVRG eLT. 1eOE-3) 6 0  TO 1 0 0 1  
. ., 1 0 0 0  I F 2 I C 1  = ( J F 2 I C 1  + I F 2 I C )  / 2.0 

1 0 0 1  VOIC = -VT2 9 9 L 0 6 ( 1 - 0  - I F 2 I C  / I S 2 ) .  ' 

V F I C  = 'R3 * ( I F 2 I C  - - I S 1 )  
. .. 

. . .. . . C i O T O 1 : 0 3 0  '. 
1 0 2 0  I F Z I C  = I S 1  + V F I C  / R 3  

PHASE = - A T A N ( l e  / SQRT(-1. + ( V I N P K / ( R 3 * I F 2 1 C ) ) * W )  
1 0 3 0  VTFRFI  = I F 2 I C  * R3 

VFPIC = V F I C  - VOIC 
SORT 

CLEvlR = SRQISF *,,TOL / AOL 
SLEWF = SRFALL * TOL / AOL 
VOIOLA = -VINPK * 2.0 / TWOPI 

DYWaMIC 
V I N l  = SINF(O.09 OMEGA19 PHASE11 
V I N  = V I h 1  * VINPK 

* OPAMP MODEL 
* FOR SLEW-HATE L I M I T *  REMOVE * FROM COL. 1 OF V1 = L I M I T  
* ... CARD ANC INSERT 9 I N  COL. 1 OF V1 = VF CARD 
0 V 1  = L IMIT( -SLEWHI SLEWFr VF)  

V1 = VF 
V 2  = -AOL 9 V I  
VO = REALPL(VOIC,  TOLr VZ)  
VF = V I N  + ( 1 F 1  + I F 2 1  9 R 3  
VR1 = VF + I F 1  * R 1  
Vq.3 = JF I F 2  9 93 

* DIODE FEF.DBACK YODEL 
U1P = (VO - VR1) / VT1 
I F l P  = I S 1  * ( E X P ( U 1 P )  - 1.0) 
I F 1  = R E b L p L ( - I S l r  TDELAYv I F l P )  
U2P = (VRZ - VO) / VT2 
I F 2 P  = - I S 2  9 (EXP(U2R)  - 1.0) 
I F 2  = R E P L P L ( I F Z I C *  TOELAY* I F 2 P )  

NOSORT 
* PERCENT ERROR CALCULATIONS 
* C M I I  VR lQF9  VOTr VOAr AND VERORA WHEN R 1  = 0.0 



VOT = VR lRF  / T I M E F  
V R ~ R F  = V a l  * 4 3  / ~ i  
V I h D  = SINF(O.09 OMEGA19 PHASE) 
VINf3LY = VTNPK * VIND 
I F ( V I N D L Y )  49  5 -  5 

4  VCIDEL = -V INDLY 
G C  TO 6 

5 VOIDEL = 0.0  
6 CO'VTINUE 
SORT 

V O A  = INTBRL(O.O* VOT) 
V I F l R F  = I F 1  * R 3  
V I F l R T  = V T F l R F  / TIMEF . . 
I O A  = I N T G Q L ( T O A I C 9  V I F l R T )  
IFRORT = ( V I F I S F  - VOIDEL)  * 100.0 / VOIULA 
VEROHT = ( V H l R F  - VOIDEL) * 100.0 / VOIDLA 
D E L V I F  = I f l A  - VOIDLA 
TFROPA = DFLVTF * 100.0 / VOIDLA 
VFRORA = (VOA - V O I D L I )  * 100.0 / VOIDLA 

P R I N T  V O I D E L I V I F ~ ~ F I I E R O H T ~ I E R O R A ~ D E L V I F ~ V O ~ V F ~ V E R O R T ~ V ~ R O R A  
OUTPUT VEknRT* VOIDEL, VRlRF 

I .  

OUTPUT IERORT* VOIDEL*  V I F l R F  
OUTPUT V O T  VF 
YETHOD S T I F F  
TIMER F I N T I M  = 1.OE-39 PRDEL = 5.OE-69 OUTDEL = 10.OE-6 
ARSFRR V 0 = 2 ~ 6 ~ I F 1 = 1 ~ 5 E - 2 r I F 2 6 = 1 ~ 5 E - 2 t I O A = 3 ~ O E 1 ~ V O A ~ 3 ~ O E l  
END 
STOP 



0 ~ ~ ~ ~ ~ ~ 0 4 ~ ~ ~ ~ 0 C C U U ~ i j i ~ v i i ~ i r v i i ~ r i 4 r i c ~ 3 v i ) 4 i U O r i C ~ 4 ~ ~ ~ ~ U ~ ~ U ~ ~ ~ G ~ ~ G ~ G G i i ~ C  

* 
0 S I r l l L I T I O l u  OF r a r . c i > l d : u  ~ t C l  it 1t;c o f  L ) I t ' F c n t l ; l T 1 4 ~  
o E O U L \ T I ~ ~ \ ~  $ 4 ~  rhu !~  
0 

* PAUAYETEI?S 
0 FI 'uPUT = FKC!<JEPICY I V  \ r k r i T L  CF T r l t  INPUT 5lb:uAL 
0 T I Y E F  = T3r-  . ' t i IL l l ;  !JF lni INPUT S I i i N k L  
o VINPI( = a E : ; n T l v t  P t c n  I t ~ v k J 1  vOLT4',E 
o AOL = l J D f h - ~ i j : ~ r  i i P J r i ?  J ' J L ' T A ~ ~ I ~  G A l f u  A I  L a *  F ' ~ L u I J ~ N C I L S  
0 GH JP = T ~ E  c r - \ l : . ; - : j o l . c u ! ~ ~ ~ ~ d  I J ~ G C ) ! J C  r UF TIIE ! 3 r b r * 1 ~  
Q SU = SLFa * j i l t  O k  i ~ P a r P  i %  v C L T S  / MICnObEC . 
0 - TOL = $)')!< [..dEqu 1 T liv,E (:ON> T!1% F I jF  ~ ) r A ; 4 6  
0 Pun,SE = l q u 4 l  \ k i  .'?,.ibC $ d i t  I CF r ~ L Z l s l d ! ~  $ L C  i ' l t  l k h  
0 V T *  ~ 7 2 .  ! > 1 .  :\P<o I S C  u d t  r 4 i i g " t  I E * ~  a b i ~  T O  M O ~ I ~ L  
0 THE r v  .j;;I\C i'inius O F  ~ j I d t J c i  QI 4Nd uZ % t l i P t C  I I V E L Y  
0 

0 VAPIA:3LES 
0 JF  = VUl-TPijE 4T 1 , h ~ t ~ l i : i c ~  1lVFCiT OF UVulrlP 
o v o  = 0 ~ 1 9 ~ 1 1  J * ~ L  r ~ s ~  (?G tjee:l+ 
0 VR1 = v Q L T ~ G t . .  a r  h9uE ~ ~ I C I I  ,GIN; dl  AN^ U I  
0 VR;! = VOL r 4 G E  A T  f\'.jUE r n l C ~ i  J ' ? ~ I L >  tiL I a ~ b  i ) Z  
o V k l R F  = V S l  ~ L F E K G L U  Tu Tnc  lh+ul '  
Q VEHCYA = IJ tU2t :dr  EKKOS d t  VUA 
e VE2OHT = P < ~ C t ' r l  E w K U ~  OF J k l H F  & S  A F J N C T i 3 N  OF TIiNE 
9 VO4 = AVE.it3t ~ 4 ~ C i t  OF, V n l r ( F  
0 I F 1  4ND I F 2  A n t  I r k  C c q n t N T S  Tdu:)Ubri  01 fiNU 0 2  
o 4ESPEC.T I vF-L i 
0 V ~ F ~ Y F  = I F 1  w c F c i 4 ~ t D  r0 TIIC 1 ~ ~ r J T  
Q IEHORA = PEHCLI~T EdhOh UF' AuP 
8 IE+?OF\T = pt:HCE~u'f  E*<kO& ijF J I F l Q F  AS A F d : U C T i i l ~ u  O F  T I M E :  
o I 0 4  = 4 V E u A G t  VPLUL OF ' V l F l H F  
0 D E L V I F  = Li.10 - V i F l n F  
a VOIDEL = O J T J ~ J I  3F IUC:L\L ~ M L F - V J L ~ V F  ~ t C T I F I c U  
o VOIDLA = ~ v E . i a " t  VALtJt: i1F V U l U E L  
* 
Q 0 0 0 0 0 0 0 0 Q U O U 0 Q O Y ~ Y r i O U V U 5 ( Q 9 G ~ G Y * ~ U Q Q O U Q O ~ G ~ ~ * * ~ * * Q * * ~ ~ ~ * * * ~ 0  

0 

I N I T I P L  
* I N P U T  P 4 ? 4 " E f i d >  
PARAMETEQ F I q P U T  = 1 .0539  ?raStl = 0.39 U I I \ P ~  = - U . l E 6  
0 I N I T I 4 L  C U Y i ) I I  IIJIJS 

l , i ] A l C  = u.0 
0 DIODE P A i ? L t 4 t T E d 5  
PARAMETES VT1  = L o . ~ C 3 r  V ' l 2  = do.UE3 
PARAMETEH I S 1  = 1 . J t - 5 .  iS2 = 1 . U E - S  
PAHAMETES TDELAY = u . l t - 3  
0 RESISTANCE I J . ~ M A ; ~ L  rEn5  
PARAMETES H1 = Z.UEl,  U 2  = d .5 t i 3 r  1-3 = 2.0~3 
0 OPAMP PARAHfiTifH> 
PARAMETE8 AOL = % . O L > *  GdwP = I m O E t  
PAWAMETEH 5QRI! iC 7 0 . 0 E e r  S?fFALL  = 7 0 i O E 6  

TMOPI = b . t J 3 1 ~ 5 ~ U 0  



OMKG41 = r,,<nPl Q : I~' . rP( j i  
T I *EF = 1.0 / F l h G ! l l  
TOL = A ~ L  / ( r * i ) i l  * : C ? . ~ I - ; )  . , 

NOSCeT 
I F  ( V F I C  . f id .  ~J.U . ~ h i j .  vdIC .Eu. u.u) G i l  r U  l i l l u  
GO TO 102,) 

* I T E W A r I O N  L O O P  I u  F l h v  1 ~ 1 1  IPL COP4dl ~ I O I ~ S  OF VO PNU I F 2  
1 0 1 0  I F Z I C l  = - 1 . U t - 1  

DO 1 0 0 0  I = l r  s U  
FCL = ( A d L  * H3 / ( K 3  + 142 - J T %  / 1 F 2 I C I )  + 1.0) / . a .  , 

(TOL * T d O P I )  
PHASE = A T A N ( - F I N P J T  / F C L )  + "ktA5E1 
I F 2 I C  = -SIi\r(PnA';E) * v l ~ v r r t  / H 3  
C N V R G  = f i f i S t l k ' i I C  .! I F a , l l ; l  - 1 . 0 )  
I F  ( C v v n G  .LT. l . i j t - 3 )  tio 1 0 0 1  . 

1 U U U  I F % I C I  = ( I F Z I C l  + l F 2 i C . l  / 2.0 
1 0 0 1  VOIC = - V T 2  * a L O G ( 1 . d  - I F Z l C  / 1 5 2 )  

VFIC = 0 3  * ( 1 b 2 1 C  - 1 5 1 )  
GO TO 1 0 3 5  

1 0 2 0  IFEIC = 151 + JFIC n d  
P H ~ S E  = - n r ~ : . ~ ( l ,  S Q H I  (-1. + (VI~UPK/(KJ*IFZIC) )**i?)) 

1 0 3 0  V I F R F I  = I F 2 I C  * ti3 
VFPIC = V F I C  - J J I L  

SORT 
SLEkiR = SA+4I< t  * IUL  / auL ., 
SLEWF = SRFALL * IUL / HUL 

VOIDLA = -ilIhuPn * 2.0 / rwur1 
K = 2.0 * r 3  * 1 5 1  

DYNAMIC 
V I N l  = S I N E ( 3 . 0 r  OMEGAl* P r l A > E I )  
V I N  = V I N l  9 v I N P K  
VINEP = S I l u E ( 0 . 0 ~  Ol*IEUAl, 1 . 5 7 0 7 9 6 3 ~ ~ t )  
V I N 2  = VINPK * OMEGA1 * b I : V L P  
SQHTZ = SOhT(1 .0  + L ? L )  
DVIFRF = -6 * ( V I F ~ ~ F  + v l r v  + v ~ . \ r <  * (1.0 + ~i . k 3 \ . . .  
* TOL / P O L )  * a 0 1  * ,Sr.rct'l7 ! f V T 1  + K, * S r d k i L )  * TOL) 
V I F R F  = I ~ J I G I ~ C ( V I F I < F I .  i ) v I k . n t )  : :  . . ,. . 
i = VIFRF / s 
J F  V L ~ J  + V l k S I  

NOSOHT 
I F ( V 1 F Q F )  1 4 -  I S *  13 

14 V I F l R F  = !l .O 
AZ = - 7  
GO TO 16 

1 5  V I F 1 4 F  = V I F d r  
A 2  = Z  . . 

1 h CIINT TNiIF 
VHI  = VF + V I F I k t  Q I41 / d J  
I F t A Z  .GT. 1UuO.U) bO TU L b  . 
VO = JF + v I P H ~  141 / H3 + d l 1  * ALclG(L + SunT.!) 
GO TO 27 

2 6 V O  = V F  + v I F N ~ .  * kl / K J  + v T 1  * A L O G ( ( L  + A L )  + 0.5 / A Z )  
27 CONT I NUF. 
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~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ 0 ~ ~ ~ 0 ~ ~ ~ * 9 a O Q i ) ~ ~ a ~ ~ U ~ 9 ~ 0 a ~ a a a a 9 a 9 9 a a a a a a a a a a a ~ a a a a a a a 9 ~ a ~ Q ~  
Q 

Q s T M u ~ b T T ( ) h l  r)F h P ? 3 O l  T m 6  T -  i:Ae(l- I IuCT~)' . I  ?hl\150+7 T P d t \ l S I S T T ) R  
a ? F c T  T F T F Q  -'Y n E l . . n Y  '.IF T ~ I ~ I : !  
a  
a P A Q ~ U F T C ~ C  
Q F T V P ! I T  = F R c f l : I F I \ ! T Y  TZ +'=':T7 ? C  TUF If!i-'UT S I G N A L  
Q T T M F F  = THF ?Fi?10? ?F T v c  T Z O l l T  SIG:.lAL. 
a V T N D U  r L : b - G 3 T l \ I F  D F A *  Tk" !JT \ / 9 l - T A G r  
Q 491, = n D r h - L n 0 0  CDA'JC V O l - T a E F  G n T y  AT  l..;)U FAEO( IE I \ .C IES 
0 ( 2 ? b @ F  r T:JF C I ~ I ~ I - D A ~ J ~ .  i 3Sf?r l tJ (3T  O F  THC O P 4 4 p  
Q 5 7  = 5! F ' U  2 n ~ ~  OF ~ D A ~ P  

Q T ~ L  = P ~ ! - ~ T U F I J T  PCL; ' T T M F  i n h  C T A Y J T  nF i)DC,h!D 

Q P U A S F  = h l o t d l r \ l ~ l .  o u n c =  S e T F T  P C  a Q F C I S . 1 3 8 \ 1  9 E C T I F I F 9  
Q V T .  \IT?. TSI .  4vn IC? 4 2 =  P ~ Q F M E T F Q S  U S F ~  T O  ~ O ~ F L  
a TH; Db< .. . l l lh lCT?OhS ? c  T Q A a d S I c T n 4 5  '31 4Vi)  07 R C S P F C T I J E I - Y  
9 

Q V ~ R T ~ R L - F ~  
Q yF = \ / n L T h G c  A T  T'U\/F;T[:.IC I h n l I T  r?F: \ > D A Y ?  
Q Vfl = f l l l T P I J T  V O I - T A G F  f F  O F A M P  
o V Q I  = \ l n L T l \ G F :  4 T  F:!b*TTTEQ 'jF P l  
a ~ 9 2  = V~ I . . .TA%F a ~  F ~ ~ ~ T T T C ~  IIC ::2 

il V O l Q F  r b 2 )  I - ~ F F E D P F ?  T Q  T - iF  T?.l,>lJT 
Q V F P ~ D A  = o F a r E u T  ~ ~ ? u q u  O F  V S ~  

0 V F D n O T  = DFF;c:FrlT F ? C P >  ( I F  V E l D F  3 5  A FIJ l . jCT IC)Y  O F  T I U F  
0 V n b  = 6VFQAGF: ! /A(- ! IF  C F  V D l C t F  
Q 1 ~ 1  htdn TF.? A D F  THF: F* . r IT ,TFP f l l G J ? r \ l T S  O F  T Q ~ I J S T S T O R S  
a c l  A ~ I I )  r?? ~ E C D F C T T I I C T L Y  
a V T F l 2 F  = T F 1  R F c F 9 7 F i :  TO T!if T: .JJ l iT  
0 TERCQA = L'TafEW'T < " G S 4  O K  I $ ?  
Q T F D O Q T  = D F g c F h I T  F Q ~ I ~ L !  C?f- V r F l o F  AS n F ~ : . I C T I ~ J U  OF T T M F  
Q TOA '= A \ I F J A G F  '!4[ IJF I:c V T F I c c  

Q 0 ~ 1 . ~ 1 ~  = l o b  - V T F ~ J F  
o V O T  ~ ) F L  = ~ ! J T G I ! T  OF  ~ r , : c a ~  A.~I-~-,.I.I.,IF D F C T  IFIFQ 
0 \ I q T n L 4  = 3VFJAGi :  \ / A [  l i F  ':F. V C T n F I -  
Q 

* Q Q Q ~ ~ Q Q Q Q ~ ~ Q ~ ~ Q Q ~ Q ~ O O O ~ O Q ~ Q O Q O ~ ~ Q ~ Q Q O ~ ~ ~ ~ ~ Q Q ~ O ~ ~ Q ~ ~ Q ~ ~ ~ ~ ~ ~ ~ Q Q ~ ~ Q ~ ~ ~ ~ Q ~ ~  

4 

I N I T I A L  
P A H A M E T E R  F I N P U T  = l.OE.3., V l N P t i  = -1.SE-2 
P A H A M E T E R  I S 1  = 1 . O E - l l r  1 5 2  = 1 . O E - l l r  V T 1  = 2 6 . u E - 3 9  V T 2  = L 6 . 0 k - 3  . 
P A R A M E T E H  A O L  = 2 . O E 5 r  BdJP = 1 . 0 E 6 r  St3HISk = 7 0 . O E b r  S e F A L L  = 7 0 . 0 E b  
PAWAM'ETER R 1  = 0.0, a2 = n .U*  it3 = 2 .OE39  T O E L A Y  = 0 . 1 0 E - 6  

T I M E F  = 1.0 / F I N P U T  
T d O P I  = o r 2 8 3 1 8 5 3 U t i  
O M E G A 1  = T M O P I  * F I N P U T  
T O L  = A 0 L  / ( T W O P I  Q G l 3 a P J  
ISlOAH = 204.0 * ( T S I  ** 1 . l R I  

N O S O R T  
* I T E R A T I O N  L O O P  TO F I i v D  I N I T I a L  C O N U I T I U N S  O F  VO A N D  I F 2  

I F Z I C 1  - - l e u € - 7  
09 1 0 0 0  I = 1 9  .SO 
F C L  = ( A O L  * 143 / ( R 3  + 42  - V T Z  / I F L I C 1 )  + 1 .0 )  / ( T O L .  * T i O P I )  
P H A S E  = A T A N ( - F I K P U T  / F C L J  
I F 2 I C  = - S I N ( P H A S E )  * V l N P K  / R J  
C N V R G  = A d S ( I F 2 I C  / I F Z I C A  - 1 . 0 )  
IF (:CNVRG .LT. 1 . 0 ~ - 3 ) '  uo T U  10i) i  

1 0 0 0  I F 2 I C 1  = ( I F 2 I C 1  + I F 2 I C )  / . 2 . 0  
1 0 0 1  vOI'C = - V T 2  6 A L O G ( 1 . 0  - I F 2 I C  / I S E )  
S O H  T  



SLEWR = S H k I S E  * T3L / AOL 
SLEdF = SuFALL * TOL / nOL 
VOIDLA = -VINPK * L.O / TMUPI  

DYkAMIC 
V I N l  = SIYE(O.Or OMEGA19 0.0) 
V I K  = V l N 1  * VINPK 

* OPAMP MODEL 
* FOR SLEN-RATE L I M I T *  dEMJVE * F4OM COL. 1 UF V l  = L l M I T  ... CAdU AND 
* INSERT * I N  COL. 1 OF V1 = VF CAR0 
o V1 = L I M I T ( ' - S L E r J l i r  SLENF 9 VF) 

V 1  = VF 
VZ = -POL * J 1  
VO = REALPL(VOIC,  TOLI 3 2 )  
VF = V I N  ( I F 1  I F 2 1  * n 3  
VR1 = VF I F 1  * H 1  
V92  = VF I F 2  * ki! 

* DARLINGTON THANSISTOH FEED64CK MOOEL 
U1P = (VO - VH1) / V T l  
U lDAR = U1P / 1.7 
I F l P  = I S l D A R  * (EXF(U1DAH) - 1 - 0 1  
I F 1  = R E A L P L ( - I S l D A H *  TDELAYr I F l P )  
BETA1 = M400.0 * ( ( I F 1  2.0 * I S i d A f i ) * *  0 .301)  
B E T A l P  = a400.0 * ( ( ( I F 1  + c.0 * l ' S l O A H ) / ( b t T A l  1 . 0 ) )  ** i1.3.01) 
ALPHA1 = R E T A ~  / ( a E T A 1  + 1.0) 
ALPHAP = B E T A l P  / ( d i ' r A l P  1 .U )  
ALPHA0 = ALPHA1 * (ALPnnP / dETA1 1.0) 
V I C l A F  = R 3  * ALPHA0 * I F 1  
U2P = (VRZ - VO) / V T i  
I F 2 P  = - I S 1  * ( E A P ( U 2 P )  - 1.0) 
I F 2  = R E 4 L P L ( I F 2 I C 9  rUELAYr I F Z P )  

* PERCENT ERROR CALCULATIONS 
* OMIT V R l R F r  VOTI VOAr ANiJ VEdOiiA kt1E1J H 1  = 0.0 
+ VHlRF = VR1 * R3 / R 1  

V IND = S I N E ( 0 . 0 9  OMEGnIr P H a S F )  
VINDLY = VINPK * VINO 

PROCEDURE VOIDEL = HECT(V1NULY) 
I F ( V 1 N D L Y )  49 59 S 

4 VOIDEL = -VINULY 
GO TO 6  

5 VOIDEL = 0.0 
6 CONTINUE 
ENDPRO 
0 VOT = VRIHF / T ~ M E F  
o VOA = INTGHL(O.Or VOT) 

V I F l R T  = V I C l R F  / TIMEF 
IOA = INTGWL(0.3r  V I F l H T )  ' 

IERORT = ( V I C l i t F  - VOIDEL)  Q 100.0 / VOIDL4 
IEROWA = ( I O A  - v O I ~ L ~ )  * 100.0 / VOIOLA 

LAdEL PRECISION HECTIF IE id  * i T H  AOL=2ES* Gu1tP~ lMr iZ9  NO 5 L E ~  LIM.ITI.*. 
R1=2K9 R 2 = 0 1  b DAMLINGTOM 1HANSISTOR w I T n  I S = I O P A  b VT=00026V 

T I T L E  PHECISION R E C T I F I t H  d I T H  AOLz2E5r GU*P=lMHZr NO SLEW LIMIT*.* . ,  
H1=2K9 ~ 2 ~ 0 9  6 DANLINGTOM THANSISTOH w I T n  IS=~I.IPA 6 VT=O*026V 

PHINT VOIDELI V I C l H F r  lEROHTr ILGORAr V O ,  VFr I F S r  VkZ 
OUTPUT IEWORT* VOIOEL 
OUTPUT J 0 r  VF 
METHOD S T I F F  
AELERH JO = 0.09 1 F 1  = l . E - r 9  1FZ = l .E-49 1 0 ~  = 1.E-4 
aBSER# JO ="2.0i!-br I F 1  - l i S i i - B r  I T E  1 r S E ~ U r  I U A  3.E-5 . 
TIMER F I N T I M  = l.Ut,-39 PWDtL = S.OE-6- OUIULL = 10.E-6 
END 
STOP 



* * O * ~ * O O * * ~ * * * * * * Q ~ Q * * * Q Q O * Q ~ * Q * * ~ ~ ~ ~ Q ~ Q Q Q ~ Q * Q * Q ~ Q Q Q ~ ~ ~ Q * ~ ~ ~ W ~ O ~ ~ ~ * ~ Q ~ Q Q  

0 , '  
Q ~ ~ v ( I ~ , f l T l r J h l  Q F  a o o c 3 x T M a T F  Ilb.)LTl\.:T(JN ? h i 5 $ . ~ 7  T V ~ ~ I S T S T ! ~ ~  
0 G F r T T C T K p  u ! T + i  C ; ! c ;  
* 
* P A R A M F T Y D C  
0 F T M P ! I T  F W F ; ) I ! C ~ J ~ Y  T h  i ; F n T Z  P C  T o r  I \ I I ) ! J T  51:;~J.lL 
4s T T N F F  = T W F  P F O I C T )  n c  T i C  I K F ~ I T  S I G Y ~ ~ L  . . 
0 ~ T h t D q  - ~ I ~ C , , A T T \ : C  2 F b V  1 h ~ o ; ) T  Vnl. .Tf i f iF '  
0 A ~ L  = n P r , \ ! - L A i ) D  C P A ~ ~ Z  V O I  T 4 c E  r i aT ' \ l  n T  1-94 FF;~FQ(JE~!CII?S 
a G ~ I J P  = TUF I ; P ~ L J - Q ~ \ ~ . . ! Q L I I ~ T ' (  D;Pnl!cT GF T H F  i)l)l\?.lP 

Q CJ = ~ ( F w  R 5 T F  3 F  f)Ph!AP 

Q T ~ L  = ~ I ) ' ~ T ~ J F I \ I T  P ~ I - F  T ! ~ F  C C J I \ C T ~ ; V T  n~ 1 2 ~ a . 4 ~  
a O U ~ ~ F  - ~ I ~ w T ~ I . ~ I -  P H A ~ F  S + T F T  p c  P Q F T T ~ T ~ V  Q F C T T F T F Q  
o VT.  V T ? .  T C ~ .  b k r r  1c ;  fivc P f i o n ~ F . T c : Q l ;  O S c O  T O  M O D E L  , 

Q T H F  OW I I ) * J c T T n h C  C c  T ~ ~ I : J S T S T ~ I / C ;  P 1  ;\\I3 0 2  Y F S P E T T I V E L Y , .  
0 

0 V ~ Q l s u l . F 5  
a V F  = V q L T 4 1 2 F  d T  !VVFi;TT',:G ? h S ' ! T  FIF OPA>*P . , 
0 VO = r ) l l T P n I T  V9 I .TbGF.  'Ic OP4" '  
0 V Q l  = \ ' f l l . T A G F  A T  F r A T T T c Q  O F  CI. 

V P ?  = Vfl l -TAGI: 4 T  F h ! l  T T E U  .3= C=' 
Q V Q l R F  = V P 1  2 F c c Q ! ? F r  TCI T H E  ThlC:JT 

0 V F P i l Q A  = P F W C E Y T  F R Q Y  UF V t 4  

Q V F O O o T  = O F U ~ F ~ ~ T  F V D C F  nF V;]oF ? $  4  FIJ:\JCTIOI.J O F  T I M F  
Q VQA = f i V F 3 f i g . E  VPLIIF !IF V319F 
Q T F 1  A ? l n  T F ?  4 9 F  T w F  F . U I T T < U  T117HC.VTS O F  T R P N 5 , T S T O R S  
Q 01 A V n  ,7? a F S ? F C T ! v = L Y  
0 V T F l D C  = T F l ,  PCFFOdF", T I?  T ; l F  Th iP I )T  
Q 1 F R 0 Q 6  = O F U C E I l T  F P O S O  O r  I c b  
0 T F Q O Q T  = DFWCEWT FR309 O F  V I c l U F  4 $  P. CII"!CTIQ'!  O F  T I V E  
a T o p  = n V F Q A G E  \ / P I - i l F  C F  V T F l P F  
Q ~ F L V ~ F  = rnfi - V ~ F ~ Q F  
o V O T ~ F L  = ~ ~ ~ J T D I J T  CF T R F A L  ' - I A L ~ - Y A J F  PFCTIFIFA 
o V O T n L P  = f i V F ? & G F  V41.11c O F  V C T n F I -  

~ * * ~ * * ~ * * * * * * * * * * * * * * * * * * * O O Q O * ~ * Q ~ ~ ~ ~ ~ ~ ~ ~ ~ Q ~ ~ ~ Q Q Q ~ ~ ~ ~ ~ ~ Q ~ ~ ~ ~ ~ ~ ~ Q ~ Q ~ ~ ~ ~ ~  
Y 

I N I T I A L  
PARAMETER FINPUT = l oOE3r  VINPK = -1.OE-2 
PARAMETER I S 1  = 1 - O E - l l r  I S 2  = 1.OE-119 VT1 = 26.OE-39 VT2 = 26.OE-3 
PPRAMETER AOL 2.OE5r GRWP = l.OE6r SRRISE = 700OE6r SRFALL = ,7OmOE6 
PARAMETER R1 = 0.01 R2 = 0.09 R3 = 2.OE39 TDELAY = 0.05E-6 

TIMEF = 1.0 / FINPUT 
TYOPI = 6.283185308 
OMEGA1 = TYOPI * FINPUT 
Tnl = Anl / f TUftPl !, GAYPI 
IS lDAR = 204.0 * ( I S l o * *  .1.18) . 

NOSORT 
ITERATION LOOP TO. F I N D  INITIAL..CONDITIONS OF VO' AND I F 2  

I F Z I C l  = -1e.OE-7 . 
DO 1 0 0 0 . 1  = 1.9 5 0  : 
FCL = (AOL * R3 / ' ( R 3  + R2 - VTZ / I F 2 I C 1 )  + 1.0) / (TOL 0 TWOPI) 
PHASE = ATAN(-FINPUT / FCL)  
I F 2 I C  = -SIN(PHASE) * VINPK / R3 
CNVRG = Ak jS ( IF2 IC  / I F 2 I C l  - 1.0) 
I F  (CNVRG .LT- 1mOE-3) GO TO 1 0 0 1  

1 0 0 0  I F 2 I C 1  = (1F21Cl  + I F 2 I C )  /- 2..0 
1 0 0 1  VOIC = -VT2 * ALOG(l.0 - .:IF2IC / 1~2.1.  

V I F R F I  = I F 2 I C  * R3 . 



VFPIC = ( - I S l D A R  I F Z I C )  . *  R3 - VOIC . . ,. . . .  . 
C R E = 7 . O E - 1 2  ' . .. . . . .  . . ;. . . .  

SORT .. . . .. . 
SLEW9 = SRRISE 0 TOL / AOL . ,. . I. 
SLEWF = SRFALL * TOL / AOL , . 
VOIOLA = -VINPK 0 2.0 / TWOPI 
K = 2.0 * R3 * I S 1  . . 

DYNAMIC .. . 
V I N l  = SINE(O.O* OMEGA19 0.0) 
V I N  = V I N l  * VINPK 

* OPAMP MODEL 
FOR SLEW-R4TE L I M I T *  REMOVE * FROM COL. 1 OF V1 = L I M I T  . . a  CARD AND 

0 INSERT * I N  COL. 1 OF V1 = VF CARD 
o V1  = L I M I T ( - S L E W R *  SLEWFI VF)  

V1  = VF 
V2 = -AOL * V 1  
VO = R E A L P L ( V O I C *  TObr V2)  
DVF = ( ( V I N  - VF) / R 3  I F 1  I F 2 1  / CUE 
VFP = I N T G R L ( V F P I C *  OVF) 
VF = VO + VFP 

0 DARLINGTON TRANSISTCR FEEDBACK CODEL 
U1P = -VFP / (1.7 * VT1)  
I F 1  = I S l D A R  ( E X P ( U 1 P )  - 1.0) 
BETA1 = 8400.0 0 ( ( I F 1  2.0 0 I S l D A R ) * *  0.301)  
B E T A I P  = 8400.0 0 ( ( ( I F 1  2.0 0 I S l D A R ) / ( b E T A l  1 . 0 ) )  QO 0.301) 
ALPHA1 = B E T 4 1  / (BETA1 1.0) 
ALPHAP = B E T A l P  / ( B E T A l P  + 1 - 0 1  
ALPHAO = ALPHA1 0 (ALPHAP / BETA1 + 1 - 0 1  
V I F l R F  = R 3  0 ALPHAD I F 1  
U2P = VFP / VT2 
I F 2  = - I S 2  * ( E X P ( U 2 P )  - 1.0) 

NOSORT 
0 PERCENT ERROR CALCULATIONS 
0 OMIT VRlRF, VOT, VOA, BND VEHORA WHEN H 1  .= 0.0 
0 VRlRF = VH1 0 R 3  / H 1  

V IND = SINE(O.OI OMEGAI* PHASE) 
VINDLY = VINPK * VINO 
I F ( V 1 N D L Y )  49 5 9  5 

4 VOIDEL = -VINDLY 
GO TO 6 

s VOIDEL = o.n 
6 CONTINUE 
SORT 

V I k l H T  = V I F l R F  / TIMEF 
o  VOT = VRlRF / TIMEF 
o VOA = INTGRL(O.O* VOT) 

IOA = INTGHL(O.OI V I F l R T )  
IERORT = ( V I F l R F  - VOIDEL) * 100.0 / VOIDLA 
OELVIF = IOA - v o I D L a  
IERORA = D E L V I F  0 100.0 / VOIOLA 

T I T L E  PRECISION .RECTIF IER UIITH AOCs2E5r GBWP=lMHZ* NO SLEW LIMITI... 
Sl=RZ=Oc R3=2K*  6 DARLINGTON 2 N 5 0 8 7  UIITH I S  = lOPA b VT = 0.026V 

LABEL PRECISION R E C T I F I E R  d i T H  AOL=ZESr GUWP=lNtiZ* NO SLEW L I M I T I * * .  
R l = R 2 = 0 9  R3=2K*  b DARLINGTON 2 N 5 0 8 7  WITH I S  = lOPA b VT = 0.026V 

P R I N T  VOIOELI V I F l H F *  IERORT, IERf lRA*  D E L V I F ?  VQI VFI I F 2 7  VRi? 
OUTPUT IERORT* VOIDEL 
OUTPUT VO* VF 
METHOD S T I F F  
AELERR vo s 0 . 0 ~  VFB = n.n.  rnn ; n.0 



ABSERR VO = 2.6E-49 VFP = 2.6E-4r IOA = 1.OE-5 
T IMER F I N T I M  = 1.3E-49 PHDEL = 5.OE-6r OUTDEL = 10.OE-6 
END CONTINUE 
T IMER F I N T I M  = 3.7E-4 
ARSERR VO = 7.AE-51 VFP = 7.8E-5r IOA = loo€ -5  
END CONTINUE 
ABSERR VO = 2.hE-4r VFP = 2.6E-4r IOA = 1.OE-5 
T IMER F I N T I M  = 6.OE-4 
END 
STOP 



0 0 0 0 V 0 0 9 0 U 0 0 0 0 Q 9 0 0 0 0 V 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ 0 0 ~ * ~  

0 

9 SIMI ILATI (?N CF PRFCIS ION RECTIF IER EMPLOYfNG DARLINGTOY 
0 2N5087  TR8&SISTOH MODEL INCLUDING CREr CORI AND HFE 
0 VARIT4TONE WIT9 COLLECTOR CURRENT 
0 

PARAyETE9S 
0 VINPK = hES4TTVE PE4K INPUT VOLTAGE 
0 FTNPUT = FDElJUEPJCY I V  \1€HTZ OF THE INPUT .SIGNAL 
0 TIwEF = T Y c  PERIOD OF TnE INPUT SIGNAL 
o AOL = OPEN-LOOP OPAYP VOLTAGE G A I N  4T LOW FREQUENCIES 
0 TOL = IIOPIYEI\IT POLE TIME CONSTANT OF OPAMP 
ii G e k P  = TkE .G4I.N-bANDWIDTH PRODUCT OF THE OPAMP 
9 PuASE = hCqTNPL PHASE SHIFT  OF PRECISfON R E C T I F I E R  
0 SH = SLEh RATF OF OPAHP I N  JOLTS / MICSOSEC ' 

* VT*  V T l P .  VTZe T b l r  I S l P r  752.  I C B O l r  I C B O l P r  C B E l r  
0 CSElP. C q E Z *  C O B l r  AND CORlP APE PARA'AFTERS USED TO 
Q MOQFL TQbNSISTORS Q l r  Q 2 r  AND Q1P RESPECTIVELY 
9 ~1 b y n  ~2 ARE ZEHO 
0 VOIC, V F I C r  D V Y l I C r  AND V V H l I C  ARE THE I N I T I A L  VALUES 
0 OF VOr VFr VBE le  AND VVHEl RESPECTIVELY 
0 

0 V4RIAYLES 
Q VF = VOLTAGE 4T JbJVEdTING INPUT OF OPA+IP 
0 VO = OUTPUT VOLTAGE OF OPAMP 
0 I E 1  AND I E ?  ARE THE EMITTER CUSRFNTS OF 0 1  AND Q2 

. 0  NEGLECTIMG T!iE CURRENT COMPONENTS DUE TO BASE-EYIT- 
0 TFH C4PACIT4idCES ( C S E l r  C B E l P r  4ND CBEZ) 
9 VIF12F = I F 1  SEFkdREU TO THE INPUT 
0 IERORT = PFRCENT ERROR OF V I F l R F  AS 4 FUNCTION OF TIME 
0 I O A  = AVERAGE VALUE OF V I F l H F  
0 IFI?OS~ = PEPCENT ERROR OF IOA 
0 VOIDEL = O!JT?UT'OF IOEAL HALF-WAVE R E C T I F I E R  
0 . VCIDLP = BVER4GE VALUE OF VOIDEL 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ ~ ~ 0 ~ 0 0 0 O 0 ~ 0 ~ ~ ~ ~ ~ ~ 0 ~ ~ O ~ ~ ~ ~ ~ ~ ~ ~  

0 

I h l I T I A L  
0 INPUT PAS4HETEPS 
PARAMETER FINPUT = 1eOE3r  PHASE1 = 0 - O r  VINPK = - 0 e 0 1 0 E 6  
m I N I T I A L  CONOITIOYS 
PAR4METEH D V S l I C  = 3 - 0 2 E 7  r V V B l I C  = 1.33E5 

I O A I C  = 0 . 0  
* TRANSISTQR PBRAMETERS 
PBQbMETER VT1 = 3 6 - O E 3 r  VT2 = 26eOE31 VT. lP m 26eOE3 
PARBMETER I S 1  = 1.OE-7r I S 2  = 1.OE-7, I S l p  m 1-OE-7 
P4HBMETER I C d O l  = 5 -OE-3 r  I C B O l P  = 5-OE-3 



PA4aMETFK CQE1 = 7.nE-129 CREZ = 7.OE-129 C B E l P  = 7.OE-12 
PAuAVETEt? C C 6 l  = 7 . 0 E - l ? r  C0131P = 7OOE-12 
P 4 3 D r E T E Q  I1=10.. I ? = 1 0 0 . *  IP=5000 . r  I 3 = P O O O i r  14=1.€4 
PA'+aUETEti i l = L S O . .  4%=520., 3P=990.. H3=9hO.r 84=940 .  . 
* 2ESIST.ANrE PaDAqFTERS 
PAY.8METER Q 3  = ?,OF31 Q = 1.OE9 

9 %  = 0.0 
* OP4HD PPDAMETFRS 
PA*bkETF!4 APL = 2.OESr GHIP = 1.OEb 
PAqAMETF* 5 Q d I S F  = 70.CEbr SRFALL = 70.OE6 . 
@AR&MFTFd 2 7 1  = 0.0 

Tx ! jP l  = t . ? 9 3 1 S S 3 b &  
qxEEA1  = 74037 * FINPUT 
TIMEF = 1.0 / . F I N P l J T  . 
TOL = AOL / (TdOPT * G3wP) 

N05CuT 
I F  ( V F I C  .FO. O . U  .&(dl>; JOIC .EO. 0.0) GO TO 1 0 1 0  
GC: TO 1 0 2 0  

* I T E R a T I O N  LC90  TO F I N D  I N I T I A L  CONDITIONS OF VO 4ND I F 2  
1 0 1 0  I F 2 I C 1  = -1'aOF-1 

0 0  l o n o  I = i+ 5 0  
FCL = ( A C ' L  * 73 / (R3  + R 2  - VT2 / I F 2 I C 1 )  + 1.0) /... 
(TOL * T W O P I )  
PuASE = PTAY( -F INPUT / F C L )  + PHASE1 
I F ? I C  = - $ I N ( P d A S E )  * VINPK / S3 
CbvnG = A R S ( I F 2 I C  / I F Z I C l  - 1.0) . . 

I F  (C"VR6 .LT. 1.OE-3) G.0 TO 1 0 0 1  
1 0 0 0  I F 2 I C l  = ( 1 F Z I C 1  + I F 2 I C )  / 2.0 
1 0 0 1  V C I C = - V T ? * A L O G ( l . O - I F 2 I C / I S 2 )  . 

VF IC  = R 3  * ( I F 2 I C  - I S 1 ) .  
GO TO 1 0 3 0  

1 0 2 0  I F ? I C  = I S 1  + V F I C  / H 3  
P w P S E  = - P T P d ( l .  / SQWT(-1. + ( V I N P Y / ( R 3 Q I F 2 I C ) ) * 0 2 ) )  

1 0 3 0  V T F R F T  = T F ? T C  * R 3  
VFiJIC = VF IC  - VOIC 

* COMPUTATION OF THE CONSTANTS OF H F E ( 1 )  
h = a L O C ( e 2  / a i l  / ALOC(IZ / I l i  
M = ALOG(P7 / $4) / A L O G ( I 4  / 1 3 )  
FlN = -N 
I ? &  = I 2  ** MN 
IPhr = I P  ii* pi& 

13N = I 3  Q* YN 
17M = 1 2  ** !4 
IPM = I P  ** Y 
13H = 1 3  Q* 4 

R2 = 1.0 / 9 2  
9 P  = 1.0 / R P  
9 3  = 1.0 / 8 3  
@ = I ? W * ( I P M - I ~ M )  + I P N * ( I ~ M - I ~ M )  + 13N* (12M- IPM)  
X = ( 9 2 * ( I P M - I 3 M )  + a P * ( I 3 M - I 2 M )  + R 3 9 ( 1 2 M - I P M ) )  / D 
Y = ( I Z N Q 7 Q P - 9 3 )  + I P N Q ( R 3 - R 2 )  + 13N*(R2-AP1 / 0 



z = ( T ~ P . I * ( T P V * ~ ~ - I ~ " ? * ~ ~ P )  + I P F ~ * ( I ~ M * ~ ~ - I ~ Y * B ~ )  ... 
+ I 3 h Q  (T i?d*YP- IP ' I *A2) - )  / D 

'JGITE ( 6 r l l n 0 )  
~ Z J I T K  ( h r l l O l )  
W G I T E  ( 6 9 1 1 0 2 )  X *  !Vr Y 
'dgITE ( 6 , 1 1 0 5 )  w r  i! 

1 1 0 0  FOffM4T ( l h I * ' H F E  OF TSAN3ISTOH Gi1 4 S  A FCT OF I C " )  
1 1 0 1  FGHMAT(lkO.*HFL=l./(X*IC**(-N) + Y*IC**M + Z ) r  WHERE*) 
1 1 0 2  F C u r n T ( l r O . * A  = '*E14.7., '9 N  = * ; E l 4 . 7 9 * 9 .  Y = ' t E 1 4 . 7 )  
1 1 0 5  F C H M ~ T ( ' ~ P O ' M  = t r E 1 4 . 7 9 9 9  ANO Z = er  E14.7). 
SQdT 

SLEWH = SRQISE * TOL / AOL 
SLEdF = SQFALL * TOL / AOL 
VQIOL4 = -V INP<  * 2.0 / TMOPI 
SUMC = COEl + CHE lP  + Cod1  

!)YNAI*IIC 
V I b 1  = S Ik ' (0 .01  OMEGA19 PHASEI )  . 
V I W  = V I h l  * VINPY 

* C P A Y F  YODEL 
* FOR SLEW-HATE L I M I T *  REMOVE * FROM COL. 1 OF V1 = L I M I T  ' 

* 0.. C 4 H D  ANC INSFST 9 I Y  COL. 1 OF V1 = VF C49D 
u V 1  = L IM IT ( -SLEWH,  SLEJF; VF) 

V1 = VF.  a 

V2 = -AOL .*  J'1 . 
V0 = QEALPL(VOIC9  TOL* V2)  
Q IFP  = [ ( V T N  - VF)  / R3 + I F 1  + IE2) X CREZ , , 

VFP = INTG!JL(VFPlC, D I F P )  
VF = VO + V F P  

* DARLINGTON TG4NSISTUR FEE.UBACK MODEL 
VPE lP  =' V O  - VF - VBE l  
U l  = V!3El / V T l  
U1P = VHElD / V T l ?  
I E l  = I S 1  * ( F X P ( U 1 )  - 1.0) 
I E l ?  = I S l p  * ( E X P ( U 1 P )  - 1.0)  
n I E l P P  = I F l P  + I C d O l  - I E 1  / ( H F E l  + 1.0) - V B E l  / R  
n 1 E l P  = D I E l P P  / SUMC 

, VVeF1 = INTGRL. (VVH l IC rD I 'E lP )  
V9E1 = VVPEl  + ( C ~ E ~ P * V O  - ( C S E l P  + C O B l ) * V F )  / SUHC 
J F l  = I E 1  + VYE1 / R + C d E l  * DVREl  
T E l t O  = I E l  + 2.0 * I S 1  
I E l P G o  = I F l P  + 2.0 * I S 1 P  
H F E l P  = 1.0 / ( X  * ( IE lPGO**Mh)  + Y * ( IE lPGO**M)  + 2 )  
HFE1 = 1.0 / ( X  * ( IE lGO**MN) + Y * ( IE lGO**M)  + Z )  
b L p H A l  = HFF.1 / (HFE1  + 1.0) 
4LPHAD = H F E l P  / ( H F E l P  + 1.0) 
n V O  = ( V 1  - V Q )  / TOL 
D V d E l  = C E Q T V ( O V ~ ~ I C I  VYE1) 
OVF = O I F P  + DVO 
DVUElP = nVCl - 9VF - DVREl  
VTFlW = G 3  * (4LPHA1 * I E 1  + ALPHAP f+ I E l P )  
V I F ~ X  = s 3  . *  ( c m i  * ( D V B E ~ P  - D V O )  - c o a i p  * DVO)  



V I F l O C  = R 3  9 ( I C H O 1  + I C Y O l P )  
V T F l Q F  = V T F l Q  + V I F l X  + J I F l O C  
IIYP = VFP / J T ?  
TEZ = - I S 2  * ( E X P ( U Z P )  - 1.0) 

NCISCRT 
* PERCENT E3HCR C4LCULPTIONS 

VINO = SIKF(O.0 ,  OMEGAIr PHASE) 
V IkOLY = VINPK * VIND 
I F ( V I N D L Y )  4. 5 r  5 

4 VOIOEL = - V ~ W ~ L Y  
GO TO b 

5 VOIDFI- = 0.0 
. 6 CC:bTI~ lUE 

S9RT 
V I F 1 9 T  = VTFlYF / TIMFF 
T O A  = Y O C I N T ( I O A I C *  X Z l r l - O r V I F l R T )  
IEHOWT = ( V I F l R F  - VOIDEL)  * 100.0 / VOIOLA 
O E L V I F  = TOb - VOIOLA 
TE90RA = O F L V I F  * 100.0 / VOIDLA 

L4HEL  PdECIS IOR R E C T I F I E R  MITH AOL=2E5. GSWP=lMHZr NO R9.a. 
H l=R2=0 .  R3=ZK. b OAHLINGTON 2 N 5 0 8 7 ' W I T ~  ISmO.1PA S VT=.026V 
TTTLE P R E C I s I O h  QECTIFIEW WITH AOLz2E5. GRWP=lMHZr N O ' R *  ... 
R l = Q ? = O r  R.3=2K* DAHLINGTOY 2NS087 WITY IS=O.lPA 6 VT=.026V 
PRIWT V O I O E L ~ V I ~ ~ ~ ~ ~ I ~ R O R T ~ I E R O R A ~ D E L V I F ~ V O ~ V F ~ D V B E ~ ~ V V E E ~  
OLITPUT IEHORTr  V O I ~ E L I  V I F l R F  
OiJTPUT VO* VFI V9E1 
MFTFOD S T I F F  
ASSERR V O  = 410.. V V d E l  = 410.r VFP = 410.9 I 0 4  = 5.0 
TTMFR F I N T I M ' =  1 .00F-3r  PRDEL ='5.OE-6r OlJTDEL = 10.OE-6 
END CONTINUE 
PARAMETEW XZ1  = 1.0 
ARSERR v o  = 120.. v v e E i  = 1 2 0 . ~  VFP = 1 2 0 . ~  IOA = 5.0 . 
TIMER FIN TI^ = 1.13F-3 
AASFHH v o  = 41.06 V V 3 E l  = 41.01 VFP = 4 1 . 0 ,  IOP  = 5.0 
TIMER F I N T I M  = 1.37E-3 
EN0 COINTINUE 
9 R S E R R  V O  = 1ZO.r ~ ' ~ 4 6 1  2 1EO.r VFP = 120.  
TIMER F I N T I M  = 1.5E-3 
END CONTINUE 
ARS-ERR V O  = 410.9 VV t lE l  = 410.9 VFP = 410. 
T IMES F I N T I *  = 2 0 0 0 E - 3  
END 
STOP 



APPENDIX D 

SIMULATION OF TEMPERATURE CONTROL SYSTEM 



" CI?A\JL A T  I 9 . J  CF TF:MPEiiATURE CONTROL SYSTEM 
Q 

STUYAGF ! i d X ( ? O ) r  b " ( % O ) r  A T P ( 2 0 )  
F ? X F V  T r  M R .  Mp. MTr MgLSr  YPL5r  MTLS 
I N I T I A L .  
NnSC4T 
Q T ~ ~ P S F T  nvf )  TFVPIC A R E  T Y E  DESIHEO TEYPFHATUYE AND 
Q I N I T I A L  TENDERATURF RESPECTIVELY 
PAYbpdETF* TMPSET = 150 .01  TEdPIC = 150.9 
* FOH T U R h  ON CONOTTIONr SET V C l I C  .LT. 0.0 
* AMPLIFIEW G A I Y  
P ~ G ~ V E T F R  A IER = 3 . ? 9 4 E - l r  A2 = -&.YHE-.3t K = 1.OE-1 
P A R A M E T E M  GAIN = 1 .n  
* LOW-PbSS F I L T C P  T IME COYSTONTS 
DbUAtAFTFQ TC'iJRC = 4.OE-3r TEYOH = 4.OE-7r TRX = 4.OE-3 

LICoJL7ei = 1  .n'  / TCURR 
wF120H J 1 ; 9  ./ TEeQY 
w C x  = 1.0 / TRX'  

* QMPTC = T Y I T I A L  JEAM POdEn 
Pnk2AMFTF9 R h l D I C  T 3 . 6  
* R S  = STI 'JDAQn H F S I S T n N C E  
P A R A ~ ! F T E G  Q C  = o . n 9  
* THICK = SAMGLF THICKUESS I N  M I L S  
P A Q P M E T F ~  P q I C S  = 3.0. 
* RESTST = 5AIJPLE Y E S I S T I J I T Y  I N  MIC400HMS-CM 
PAW4MFTEd OESIST = 7.4E1 

QLO* = %.? * GESIST * 1.OE-6 / (5 .08Ee4 * THICK)  
* ARK. 4P. A N C  4T0 .44k ThC COEFFICENT MATHICIES O F  
5) PnLYY041AL F;31JATIOrUS FOH' CIX(TEMP). POclER(TEMP), AND 
0 T F ~ P  (9OdEG ) Y E S ~ E C T . ~  JELY 

a ~ 4 9  ( 5 . 9 3 )  4s 
MYLS = MC - 1  
Q E n O  ( 5 . 1 0 D )  ( A R X ( I ) r  I = 1. MR) 
U F b O  ( 5 r S O )  dP 
MPLS = MF - 1  
PEA0 ( S r 1 0 0 )  ( 4 P ( I ) r  I = l r  YP) 
O F U ~  ( 5 r S i l )  !-IT 
VTLS - "JT - 1  
RE811 r S r l O n )  ( A T P ( 1 ) r  I = 1, NT)  

'? 0 FCr.MAT ( 1 2 )  
1 0 0  F C R * n T ( 4 F 1 5 . 5 )  

WQTTE ( h *  1 0 0 0 )  ( I t  A R X ( 1 ) .  I = 1. YR) 
a @ I T F  ( 6 -  1 0 1 0 )  ( I t  A p ( I ) t  I = 1- M p )  
MdTTE ( 6 r  1 0 2 0 )  (1 ,  4 T P ( I ) r  I = l r  M T )  

l n O b  F C Y : A b T ( l P l .  '1'. 1 0 X r '  4 R X ( I ) ' .  //, ( 1 X r  129  E 2 0 . 5 * / ) )  
1 0 1 0  F C * U A T ( l F O .  ' I ' r  1 0 x 9 '  A P ( I ) ' ,  / / r  ( 1 x 1  129 E20.5. / ) )  
1 0 2 9  F C a M A T ( l k 0 r  'I** l o x * '  A T p ( I ) ' r  / / r  ( 1 x 9  129 E.?O.Sr/)) 
* Y X I C  AVO AXSFT ARE THE I i J I T I A L  AN0 DESIRED SAMPLE 
0 RFcIS1A;JCE.5 WEqPECTIVIELY 

9 & 1 C  = A n f ( M 4 )  
QXSFT = bQlc  ( 4 ~ )  



'?c 10 I = 1. "qL5 
C i y F T  = C Y S F T  * TxPSFT + P ? X ( P R -  1) 

1 n c d I C  = Q l ~ r  * TEr. ;PIC + A H A ( M R  - 1) 
D X I C  = R X I ~  * - t ~ ~ ) r  
GitS'T = G x C F T  .* t?L:)W 

snaT 
Q C u g G I C  = I N T T T P L  VALUE O F  C U w E N T  
NOSCHT 

TF ( J C l I C  . L T .  0 . 0 )  GO TO 2 0 0  
C U ? ~ I C  = ~ p ( q 3 )  
9 C  3 0  I = !. u P L 5  

3 0  Cl;*;ilC = C!JG%TC * T E 1 4 P I C  + A P ( M P  - 1) 
C L ~ P I '  = s m T ( ( c u n t ? I c  - ~ O I C )  RXIC) . 
V C l I C  = (S.3E-7 Q ( C d R r i T C  Q S Q Q T ( R S )  / 0 . 1 0 9  - 1.).)**2 
r:C T o  2 1 0  

2 0 0  c u 4 4 I c  = 0 . 1 0 9  / S Q R T ( R S )  
V C l I C  = O.f! 

1 0  VCU2ctT = C lJRYTC Q t3S / 4 I E R  
O Y N b t 4 1 C  
Q 3EA@ POiJFr l  

4 r a V G  = 1.0 - S T E P ( O . 1 )  STEP ( 3 . . 0 )  
Q E 4 M ?  = i?!dUICQ R w A V G  

9 I N P I I T 2  = OSC l I . . L4TOQ V O L T A G E .  
I k P U T ?  = 1.0 

* T n F  S A M P L E  G F S I S T A N C E v  4 x 1  A F U N C T I O N  O F  T E M P E R A T U R E .  
P o O C E D I j 4 E  R X  = Q Y 9 F T ( t * % L S .  A a X 1  TEMPI R L D W )  

wit  = ~ J X ( M Q )  

n:; 4 0  I = I .  ~ 2 ~ 5  
4 0  ? X  = QX Q TF4P + A q X ( M R  - I )  . 

R x  = 3s Q 2Ll)sl 
E ~ I I > P H O C E O U + E  . 

V C U G a l  = K S  Q C U a E N T  / A I E q  
VCOR2;I = R C 4 6 P L  ( V C d ? Y I  I T C t I R R *  - V C U R Q l )  

, V C l j 4 @ 7  = v C U ? " ~  * (WCL144 Q* 2) 
VCUQ* = C @ P X p L ( V i U 2 H I *  0 . 0 1  0 . 7 0 7 9  WCURR'r V C U Y R 3 )  
9 E L 2 X  = G X  - Y X S E T  
V F G O r i l  = Y S  * i ) E L H X  * C I I Y E Y T  / ( ( R S  R X S E T )  * A 2 )  
V F ~ O H ?  = Q F A L P L ( O . 0 -  TEROF?. V E Q O R 1 )  
\ J F Q C I G ?  = v F R O Q 2  * (WEROW o* 2) 
V F U a O "  = C M W P L ( O . O *  0.0. 0 . 7 0 7 1  WERORt  V E 4 0 R 3 )  
V 4 X l  = v E 9 Q Q a  / ( V C U 9 H  Q K )  
V G X 2  = V G X ]  Q ( W h X  Q * 2 )  
VGX = C Y P X O L ( n . 0 1  0.09 0 . 7 0 7 9  WHXI V k X 2 )  
v a q e  - 'JPY 6 P I M  
V G X F  = V S X G  - 1noc.o * V C ~ F  
V C 1  = I N T G ~ L ( V C ~ I C I  V Q X F )  
V C l F  = D F 4 Q S 1 2 ( - 0 . 6 .  10. .01 V C 1 )  
VC = V C 1  + 0.4 Q vt4x;; 

Q Ti;F 4 i ~ c i t p F ' . ? S n ~  O F  TdC: CO'UTHOL V O L T b G E  ( V C )  I S  U S E D  T O  
Q C O N , I ~ L ~ C  TI-F Od ! * IC  H i A T I : d B  C U U P E N T  

VCP = L I Y I T ( O . 0 .  10.0. V C )  



V C S 3  = SC%T(JCP) 
FFT = ( 1 0 . n c 3  * VCSH + 5 3 0 . 0 )  / 530.0 

* Cl IC(C( \T  = TnE nHHTC HEATING CUJQEkT. 
TCrFNT = Q.109 * FET / S(JuT(HS)  

* T*E TQTnl.. 4 F h T T N 8 i  P O W E R  I S  COMPOSED O F  HEAM POWER (9E4MP) 
* AWD Ori>AIC I - i E A T I h 4 q  " ( J % E ~  (QHMICP 

OhsICP = (CIIHEWT " " 2 )  * H X  
PCqER = CHuICP + FEA?4P 

NCISCIWT 
? THEQVPL T9AhSFFQ FUIqCTION OF SAMPLE. 

TCVPSF = A T D ( ~ T )  
7 0  5 0  I = 1 .  UTLS 

5 n TFt4Psc = T ~ Y P S S  * POdFQ + hTP(t4T - 1 )  
TFHP = G E A L P L  ( T F Y P I C ~ O . ~ ~ T F M P S S I  
F+2RTqP = TF!4P - TMPSET 

9 Q I k T  TEMP. ERGTMP, V P A *  D E L k X *  " X *  VCU42r C U k E N T *  SFAMPI VC 
I)lJ'l O i l T  T E I Y ~ .  H e  nhAe. Cl!w~!ui' 
~JIITPIJT FdQT*?. \ l Q X  I OFLVX 
OIITPIJT CUGENT, il?l.l?Q 
44SEWg V Q X  = 5.0F-3. JC:IHa = S.0E-39 VCURQZ = 5.OE-3 
4QSEHR TEWP = C.059 V E K O ~ Z  = 2.OE-4r V F R Y O S  = 2.OE-4 
AQSFRP J C 1  = 1.0F-3 
4FTrOO STIF 'c  
T T T R  FIIUTIM = 1n.o. i)iJTI)EL = O.IOI PRnFL = 1 . 0 ~ - 2  
EhlO 
NOSCR T 
I Y 2 l l T  

3 

I .on 
4 

1 . O - i S 1 1 3  
h 

-s,??qa?9~1 
~ 6 i i . J  1 h~&'(lT 

STOP 
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